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FOREWORD

The planning and structural design of critical healthcare infrastructure in seismically
active regions represents one of the most demanding responsibilities in modern civil
engineering. This technical report, titled "Technical Report: Implementation of SNI 1726:2019,
SNI 2847:2019, and SNI 1727:2020 in the Seismic and Structural Design of a 10-Story
Reinforced Concrete Hospital in Palu, Central Sulawesi: Site-Specific CPT-Based
Geotechnical Characterization, ETABS Response-Spectrum Analysis, and Dual System
(SMRF + Special RC Shear Walls) Evaluation” serves as a comprehensive documentation of
the engineering judgments, analytical methodologies, and design decisions undertaken to
realize the Catenary Hospital. Situated in the immediate vicinity of the Palu-Koro Fault, a
region bearing the scars of the catastrophic 2018 geological event, this project is not merely an
exercise in code compliance but a dedicated effort to ensure resilience and operational
continuity in the face of extreme environmental loads.

The primary objective of this report is to demonstrate a rigorous application of the latest
Indonesian National Standards (SNI), specifically integrating the seismic provisions of SNI
1726:2019, the reinforced concrete detailing requirements of SNI 2847:2019, and the loading
criteria of SNI 1727:2020. Recognizing the unique subsurface challenges of the site, the design
process began with a site-specific geotechnical characterization. Through the detailed
interpretation of Cone Penetration Test (CPT) data, the site was definitively classified as Soft
Soil (Site Class SE). This classification was pivotal, as it necessitated a conservative approach
to seismic amplification factors and dictated the selection of a robust lateral force-resisting
system capable of mitigating the amplified spectral accelerations inherent to such soil
conditions.

To address the high seismic risk associated with Risk Category IV structures, a Dual
System consisting of Special Moment Resisting Frames (SMRF) and Special Reinforced
Concrete Shear Walls was selected. This strategic combination was chosen to provide an
optimal balance between stiffness—to control inter-story drifts and protect non-structural
medical components—and ductility, ensuring energy dissipation during major seismic events.
The structural behavior was evaluated through advanced three-dimensional modeling using
ETABS, employing Response Spectrum Analysis to capture the dynamic characteristics of the
building. The analysis rigorously verified essential performance metrics, including mass

participation, torsional irregularity, P-Delta effects, and the requisite "Strong Column-Weak



Beam" hierarchy, ensuring that the structure possesses the necessary redundancy and capacity
to withstand the maximum considered earthquake.

Beyond the global analysis, this report details the component-level design, ranging from
the intricate detailing of beam-column joints and boundary elements of shear walls to the
design of the bored pile foundation system. Each element has been calculated to resist the
combined effects of gravity, wind, and seismic loads, with particular attention paid to the
confinement of concrete in critical plastic hinge zones. It is our hope that this document not
only serves as a valid basis for construction but also contributes to the broader body of
knowledge regarding the design of resilient high-rise healthcare facilities in Indonesia’s most
vulnerable seismic zones. We extend our gratitude to the engineering team and technical
advisors whose expertise was instrumental in navigating the complexities of this challenging

project.
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SUMMARY

The structural engineering of critical healthcare infrastructure within high-seismicity
zones demands a rigorous synthesis of advanced geotechnical investigation, dynamic analysis,
and resilient detailing. This technical report presents the comprehensive design and analytical
verification of the "Catenary Hospital," a ten-story reinforced concrete facility situated in the
immediate vicinity of the Palu-Koro Fault in Palu, Central Sulawesi. Driven by the imperative
to ensure operational continuity following the devastating geological events of 2018, this study
systematically implements the latest Indonesian National Standards, specifically aligning with
the seismic provisions of SNI 1726:2019, the concrete detailing requirements of SNI
2847:2019, and the minimum loading criteria of SNI 1727:2020. The primary objective is to
demonstrate a robust structural performance that transcends mere life safety, aiming for
immediate occupancy standards required for emergency response facilities.

The engineering process commences with a site-specific geotechnical characterization, a
critical step given the complex subsurface conditions of the Palu basin. Utilizing mechanical
Cone Penetration Test (CPT) data in accordance with SNI 8299:2017, the study derives precise
soil stratigraphy and mechanical properties. This in-situ data facilitates the accurate
classification of the site class, which serves as the fundamental baseline for determining the
spectral acceleration parameters (Sps and Spi) and constructing the Design Response
Spectrum. By eschewing generalized assumptions in favor of site-specific CPT correlation, the
report ensures that the input ground motions used in the analysis reflect the actual seismic
demand expected at the foundation level, thereby mitigating the risks associated with soil
amplification and potential liquefaction.

Building upon this geotechnical foundation, the structural analysis employs a three-
dimensional finite element model developed within ETABS. The lateral force-resisting system
is designed as a Dual System, integrating Special Moment Resisting Frames (SMRF) with
Special Reinforced Concrete Structural Walls (Shear Walls). This configuration is selected to
optimize stiffness and energy dissipation. The analysis utilizes the Response Spectrum Method
to evaluate the dynamic behavior of the structure under design earthquake loads. A focal point
of this evaluation is the validation of the Dual System criteria mandated by SNI 1726:2019,
confirming that the moment frames are capable of independently resisting at least 25% of the
design base shear. This redundancy is vital for preventing catastrophic collapse and ensuring a

distributed yielding mechanism during maximum considered earthquake (MCE) events.
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The final phase of the report details the component design and serviceability checks.
Adhering to SNI 2847:2019, the reinforcement detailing prioritizes ductility, particularly
through stringent confinement in the plastic hinge zones of beams, columns, and shear wall
boundaries. The study meticulously verifies that the structural members possess sufficient
strength to resist factored loads combinations including gravity, seismic, and P-Delta effects.
Furthermore, serviceability is confirmed through rigorous inter-story drift analysis, ensuring
that lateral displacements remain within the strict limits necessary to protect non-structural
components and sensitive medical equipment. In conclusion, this report establishes that the
proposed design of the Catenary Hospital not only strictly adheres to the current SNI regulatory
framework but also provides a high degree of confidence in the building’s capacity to withstand

the formidable seismic hazards inherent to Central Sulawesi.
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CHAPTER I
INTRODUCTION

1.1 Background

The structural design of healthcare facilities in Indonesia, particularly in areas with
extreme seismic vulnerability such as Palu City, Central Sulawesi, is an engineering challenge
that goes beyond mere compliance with administrative requirements. Hospitals, as critical
post-disaster infrastructure, play a vital role in sustaining community life when natural
disasters occur. The structural design paradigm for these facilities is no longer sufficient to
focus solely on collapse prevention, but must go further towards immediate occupancy or at
least life safety with minimal damage. In the context of Palu City, the collective memory of
the catastrophic earthquake, tsunami, and liquefaction on 28 September 2018 has become a
fundamental basis that has changed the risk map and construction design philosophy in this
region. These events confirmed that Palu is located above one of the most active and
dangerous fault systems in the world, namely the Palu-Koro Fault, which requires a

conservative, precise, and science-based approach to structural design.
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Figure 1 Regional Tectonic Map Illustrating the Trace of the Palu-Koro Fault and Proximity
to the Proposed Hospital Site

1.1.1 The Urgency of Seismic Risk Mitigation in Active Fault Zones

The city of Palu is geologically located above a north-south elongated structural

depression known as the Fossa Sarasina. The presence of the Palu-Koro Fault, which divides
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the city, gives it unique and deadly earthquake hazard characteristics. This fault is a left-lateral
strike-slip fault with a very high slip rate, ranging from 30 to 40 mm per year. This high slip
rate indicates a rapid accumulation of tectonic stress energy, which is periodically released as
large earthquakes. The project location in Palu City places this building in a near-fault zone,
where ground shaking characteristics differ significantly from those in zones far from the
fauLantai The directivity and fling-step effects of near-fault earthquakes can produce long-
period velocity pulses with large amplitudes that are particularly destructive to tall structures
that also have long natural periods.

In addition to the threat from earthquake sources, the local geotechnical conditions at
the planning site present their own layer of complexity. Based on the results of soil
investigations, the project site is classified as Soft Soil (Site Class SE) in accordance with the
definition in SNI 1726:2019. Soft soil has dynamic response characteristics that tend to
amplify earthquake waves, especially long-period waves. This phenomenon, known as the
site effect, can multiply the intensity of ground shaking compared to bedrock. For a 10-storey
building with an estimated fundamental vibration period of approximately 1.0 seconds, the
risk of resonance between the vibration frequency of soft soil and the building structure is
very high. This resonance has the potential to exponentially increase base shear and inter-
story drift, which, if not mitigated with an appropriate structural system, can cause

catastrophic failure or non-structural damage that paralyses hospital operations.

Schematic Diagram of Wave Amplification on Soft Soil (Cross-Section Diagram)
Condition 1: Bullding on Hard Rock (Normal Wave) Condition 2: Building on Thick Soft Soll (Amplified Wave)

) _ Resonance &
““Increased Shaking

Hard Rock
(Bedrock)

!
f
Normal Seismic Wave 3

Hard Rock attenuates Soft Soil amplifies waves
waves, low resonance Hard Rock high resonance risk &
risk. (Bedrock) base shear.

Figure 2 Illustration of the Site Effect Mechanism on Soft Soil Layers (Site Class SE)
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1.1.2 Implementation of Current Design Standards and Risk Category IV

Given the high level of risk, the planning of this hospital building adopts the most up-
to-date design standards applicable in Indonesia and international references. In accordance
with SNI 1726:2019 concerning Procedures for Earthquake Resistance Planning for Building
and Non-Building Structures, hospitals are categorised as Risk Category I'V. This category is
the highest classification, requiring the use of an Earthquake Importance Factor (Ie) of 1.50.
The use of this factor effectively increases the design earthquake load by 50% compared to
ordinary residential or office buildings (Risk Category II). The aim is to provide greater
strength and stiffness reserves, so that the probability of structural failure during a Maximum
Considered Earthquake (MCER) can be minimised.

This plan also refers to SNI 2847:2019 for Structural Concrete Requirements for
Buildings, which is adopted from ACI 318-19, and considers updates in ACI 318-25 and
ASCE 7-22 to ensure a future-proof design. One crucial aspect of this new standard is the
strict requirements regarding reinforcement details for earthquake-resistant structural
elements, particularly at the plastic hinge regions of beams and columns. The Capacity Design
concept is applied in a disciplined manner, where the collapse mechanism is directed at beam
elements through the melting of flexible reinforcement, while columns and shear walls are
kept elastic through the application of the Strong Column - Weak Beam principle. This is
crucial to prevent the soft-story mechanism on the ground floor, which is often the cause of

the collapse of multi-storey buildings on soft ground.

STRUCTURAL CONCEPT: STRONG COLUMN - WEAK BEAM

Incorrect Mechanism: Correct Mechanism: Beam Sway

Soft Story (Column Failure) (Beam Hinge - Column Protected)
Columns fail first, leading to collapse risk. Beams yield first, dissipating energy and

protecting columns. Desired failure mode.
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Figure 3 Application of Capacity Design Principles in SMF

1.1.3 Selection of Dual System and High-Quality Materials

To respond to the challenge of large seismic loads on soft ground in Palu, the structural
system chosen is a Dual System, which combines a Special Moment Frame (SMF) and Special
Reinforced Concrete Shear Walls. This selection is based on SNI 1726:2019 Article 7.2, which
requires that in a dual system, the moment-resisting frame must be capable of independently
bearing at least 25% of the total design earthquake force. The synergy of these two subsystems
offers dual advantages: shear walls provide high initial stiffness to limit lateral drift and
minimise damage to non-structural elements during moderate earthquakes, while SMF
provides large energy dissipation capacity through the ductility of beam-column elements
during strong earthquakes. On soft ground (Site Class SE), the stiffness of the shear wall plays
a crucial role in controlling the P-Delta effect, which is the secondary moment arising from
large lateral deformation plus vertical gravity load, which often triggers global instability in

flexible structures.

Seismic Performance Levels: Force-Deformation (Pushover) Curve

B e e Collapse
Life Safety (LS) | Prevention (CP)
Moderate damage, no Severe damage, near
Immedifte collapse, safe for egress. collapse, evacuate.

Occupghcy (10)

\ TARGET DESIGN OBJECTIVE
(Minimal Damage, Safe to Occupy)

Operational (O) |
Very light damage,
fully functional.

Design Philosophy: Prioritizing Immediate Occupancy (10)
standard for enhanced safety and post-event functionality,
exceeding typical building code requirements.

Base Shear Force (V) / Lateral Load (P)

Roof Displacement (A) / Drift Ratio (%)

Figure 4 Seismic Performance Spectrum of Buildings

The construction materials used also reflect the need for high performance. Concrete
with a compressive strength (fc') of 35 MPa was selected for all main structural elements. The
use of this high-quality concrete not only increases the axial capacity of columns and shear

walls—allowing the dimensions of the elements to be optimised for architectural space
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efficiency—but also increases the elastic modulus of the concrete, which contributes to the
overall stiffness of the structure. On the other hand, the use of BJTS 550 ribbed reinforcing
steel (yield strength fy = 550 MPa) for the main reinforcement is a step forward in design
efficiency. The use of high-quality steel allows for a reduction in the reinforcement ratio in
dense concrete cross-sections, particularly in the beam-column joint area, thereby facilitating
the concrete casting and compaction process. Good compaction quality is vital to ensure the
confinement mechanism in the concrete core, which is key to the ductility of SMF structures.
Stirrup reinforcement uses BJTS 280 to ensure adequate shear ductility.

Overall, the background to this planning was driven by the urgent need to provide
resilient health infrastructure in one of the most dangerous earthquake zones in Indonesia.
The integration of site-specific seismic hazard analysis for Palu (near-fault effects and soft
ground), the application of the highest risk category design standards, and the selection of a
double structural system with high-quality materials, constitute a comprehensive strategy to
ensure that the 10-storey Catenary Hospital building can stand strong and continue to serve

the community after a disaster.

1.2 Location and General Description of the Building

The 10-storey Catenary Hospital building is planned to be a landmark of modern
healthcare facilities in Palu City, Central Sulawesi. The site is located in a developing urban
area, with relatively flat topography but with the challenge of thick soft soil layers below the
surface. The orientation of the building is designed with cardinal axes in mind for thermal
efficiency and accessibility from the city's main roads. As a post-2018 disaster building, the
architectural and structural design of this building not only prioritises aesthetics and medical
functionality, but also serves as a manifestation of earthquake-resistant engineering.

This building has a total of 10 functional floors plus one concrete roof floor, with a total
structure height of +33.00 metres above ground level (+0.00). The floor-to-floor height is
standardised at 3.30 metres for each level, providing sufficient space for mechanical and
electrical (MEP) installations above the ceiling without compromising the clear height of the
room. The building plan adopts a symmetrical rectangular shape, a configuration highly
recommended in seismic design to avoid inherent torsion due to irregularities in mass or
stiftness. The main structure is supported by a regular column grid system with spans of 6.0
metres and 4.0 metres, optimised for standard inpatient room modules and parking spaces on

the ground floor.
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The main structural system of this building uses monolithic reinforced concrete with a
Double System. The building core, which contains patient lifts, visitor lifts, and emergency
stairs, is reinforced with 150 mm thick shear walls with boundary elements that function as
the backbone of the building's rigidity. Vertical and lateral load distribution is channelled
through main beams and secondary beams to structural columns with varying dimensions
according to the triburary load borne at each height level.

The following is a detailed description of the architectural and structural aspects of the

building as visualised through the working drawings:

1.2.1 Analysis of Building Appearance and Exterior

The exterior appearance of the building reflects its modern institutional function, with an

emphasis on the regularity of the grid structure expressed on the fagade.
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Figure 5 Front View of the Building
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Figure 5 presents a visualisation of the main elevation of Catenary Hospital. The front
facade is dominated by a repetition of vertical window modules that reflect the layout of the
inpatient rooms behind them. The symmetry of the building is clearly visible, giving an
impression of stability and balance. At the bottom centre, there is an articulation of the main
entrance area, which most likely functions as a drop-off area for patients and visitors. The
vertical elevation is clearly marked on the left side of the image, showing the floor levels from
+0.00 to the roof at +33.00. The column grid is subtly exposed, providing a visual clue to the
structural frame system that supports the building. The uniform window opening design not
only provides even natural lighting throughout the inpatient rooms, but also reduces stress

concentration on the exterior walls during earthquakes.
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Figure 6 Rear View of the Building
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Figure 6 shows the rear elevation of the building, which has a more utilitarian character
than the front elevation. This side generally serves the hospital's service and logistics
functions. The window opening pattern maintains the same grid rhythm as the front, ensuring
architectural consistency. There is a visible continuity of vertical elements from the base to
the top, indicating a straight gravitational load path without significant beam transfers, a
feature that is advantageous in earthquake-resistant design. This rear side likely borders
directly on service areas such as loading docks for medical supplies or waste disposal, which

require separate access from the main public circulation.

< Catenany HOSPITAL |

Figure 7 Tampék Samping Kanan

Figure 7 shows the depth profile of the building from the right side. From this
perspective, it can be seen that the building has a fairly slender proportion in the transverse
direction. The roof elements appear flat with safety parapets around them, which serve as
protection while concealing the chiller units or water tanks on the roof. This side fagade shows
a pattern of massive walls and balanced openings, giving rigidity to the building envelope.
The placement of windows on this side may serve ancillary rooms or end corridors, providing

the cross ventilation necessary for a healthy hospital environment.
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Figure 8 Left Side View

Figure 8 is a reflection of the right side view, confirming the symmetry of the overall
building design. The consistency of the facade design on all four sides of the building
demonstrates an efficient and modular design approach. The left side may border on
secondary access or emergency evacuation routes. The clarity of the building's geometric form
as seen from this side elevation facilitates the prediction of structural behaviour under wind

and earthquake loads, minimising the occurrence of undesirable torsional effects.

1.2.2 Plan Analysis and Functional Zoning

The layout of this hospital follows strict medical zoning to ensure the efficiency of
medical staff workflow and patient safety, as well as to separate infectious and non-infectious

arcas.
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Figure 9 Floor Plan 1

Figure 9 illustrates the layout of the ground floor, which is the centre of public activities

and critical services. The main structural grid is identified by axis notation 1-13 (longitudinal

direction) and A-H (transverse direction). The distance between columns varies between 4.0

metres and 6.0 metres, creating flexible spaces.

Reception Area

The main lobby area is strategically located in the centre (Grid B-C, 6-9), functioning
as a circulation hub connecting the entrance with the Pharmacy and Polyclinic.
Integrated Polyclinic

The wings of the building (Grids A-H, 1-5 and 10-13) are dedicated to various specialist
polyclinics, including the Eye Clinic, Neurology Clinic, General Clinic, Dental Clinic,
Nutrition Clinic, Cardiology Clinic, Dermatology Clinic, and Mental Health Clinic.
This placement facilitates access for outpatients without having to enter the intensive
care area.

Emergency & Diagnostic Zone

The Emergency Room (ER) and Emergency Department (ED) are located with quick
access (Grids A-B and D-E), adjacent to vital support facilities such as the Radiology
Room, Ultrasound Room, and Delivery Room at the rear (Grids F-G), ensuring efficient

handling of critical patients.
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Core Structure

There are two main cores enclosed by sliding walls: a passenger lift near the lobby and
a large patient lift (bed lift) in the rear area for stretcher transport. These sliding walls
(notation SW) surround the lift area, providing the necessary torsional rigidity to the

ground floor, which is typically vulnerable to soft-story effects.

1 2 3 4 5 6 7 8 9 10 1 12 13
p—G0— 40 —Ad QO —t— 40— ¢— 80— —AD—F 40 ¢ 40 ¢ 40 ¢ 60
a5 _rdnaeds:
//
4 /’/3-\\
1]
4.0 Tor ]
B Ca i i
. [ L ]
0
. a
40
]
‘0
- =
0
+ L
0
-

Figure 10 Floor Plan 2

Figure 10 shows the floor that serves as the centre for medical and administrative activities.

Operating Theatre

The Operating Theatre is located in a more private area (Grid G-H) to maintain sterility,
supported by a post-operative Recovery Room.

Perinatologists

The Healthy Baby Room and Sick Baby Room are located adjacent to the surgical and
delivery areas, facilitating the transfer of newborns who require special care.
Management

The hospital management centre, comprising the Administration Room and Doctors'
Room, is located in the central zone, facilitating inter-departmental coordination.

Supporting Facilities
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The kitchen, laundry and storeroom are located in the wing, separate from surgical
patient traffic.

Structure

Column K1 (700x700 mm) dominates this floor to support the cumulative axial load

from the floors above it.
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Figure 11 Floor Plan 3

Figure 11 provides a floor plan of the third floor, which focuses on inpatient services and

specialised care.

Haemodialysis & Isolation

This floor houses the Haemodialysis Room for kidney failure patients and the Isolation
Room for infectious diseases. The Isolation Room requires a negative pressure air
conditioning system design to prevent the spread of pathogens.

Inpatient Care

Most of the floor area is used for standard inpatient rooms. The room modules follow a
4-metre grid structure, allowing for standardisation of the interior layout.

Public Facilities

There is a canteen and prayer room that serve non-medical needs for patients' families

and staff.
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Figure 12 Floor Plans for Floors 4 to 10 (Typical)

Figure 12 shows a typical floor plan for an inpatient tower.

. Modular Efficiency
Floor plans for floors 4 to 10 have identical layouts, which is highly advantageous in
terms of construction (use of repeat formwork) and vertical MEP system installation
(plumbing stack).

o Room Configuration
The central corridor (double-loaded corridor) divides the inpatient rooms on the left and
right sides. Each room has direct access to the evacuation corridor leading to the

emergency stairs in both cores.

1.2.3 Load-bearing Structure System Details

The structural system is designed hierarchically to ensure optimal seismic performance.
The reinforcement data shows strict application of the Strong Column - Weak Beam (SCWB)
principle. The nominal moment capacity of the columns (3] M,,) is designed to be at least 1.2
times greater than the nominal moment capacity of the beams (), My,;,) that frame them. The
use of dense stirrup reinforcement in the plastic hinge regions of columns and beams and

shear wall boundary elements aims to constrain the concrete core, allowing the concrete to
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undergo large inelastic strains without breaking, ensuring the overall ductility of the structure

in the soft soil of Palu. The shear walls, with a thickness of 250 mm, although relatively thin,

are reinforced with double reinforcement and very strong boundary elements, reflecting a

design strategy that optimises architectural space while remaining aggressive in resisting

lateral forces.

1.3 Scope of the Report

This report includes comprehensive technical documentation on the entire structural

analysis and planning process. The scope of discussion includes, but is not limited to:

1.

Establishment of design criteria, including regulations and standards used, material
specifications, and analysis software.

Description of the structural system for resisting gravitational and lateral forces.
Analysis of geotechnical and seismic parameters based on the specific conditions of the
project site.

Calculation and analysis of loads acting on the structure, including dead loads, live
loads, wind loads, and earthquake loads.

Determination of load combinations used for analysis and design.

Description of three-dimensional (3D) structural modelling and summary of analysis
results.

Verification of structural performance against criteria required by standards.

Planning of main structural elements.

Final conclusions of the analysis and recommendations for the construction

implementation phase.

All final results of this planning are summarised in the structural working drawings that form

an integral part of this report (attached).
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CHAPTER II
PLANNING CRITERIA

2.1 Design Regulations and Standards

The entire structural analysis and planning process strictly adheres to the regulations,
standards, and technical guidelines applicable in Indonesia, as well as relevant international
references. Compliance with these standards is fundamental to ensuring that structures are

designed with a level of safety and reliability that can be accounted for.

2.1.1 Indonesian National Standards (SNI)

The main standards that serve as references are as follows:

. SNI 2847:2019: Requirements for Structural Concrete for Buildings [1].

J SNI 1726:2019: Procedures for Earthquake Resistance Planning for Building and Non-
Building Structures [2].

J SNI 1727:2020: Minimum Design Loads and Related Criteria for Buildings and Other
Structures [3].

. SNI 8460:2017: Map of Earthquake Sources and Hazards in Indonesia in 2017 [4].

. SNI 2052:2017 & SNI 2052:2024: Concrete Reinforcing Steel [5].

J SNI 8299:2017: Test Procedures for Static Cone Penetrometer (Sondir) and Piezocone
(CPTU) [6].

2.1.2 International Standards

As supplementary reference and to deepen understanding of the design principles adopted by
SNI, the following standards are used:

. ACI 318-19: Building Code Requirements for Structural Concrete and Commentary.

2.2 Analysis Software

Structural analysis and design are carried out with the aid of structural engineering
software based on the finite element method, which has been tested and widely recognised in
the global construction industry. The use of this software aims to achieve a high level of

accuracy and efficiency in the analysis of complex structural models.
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ETABS: Used for 3D structural modelling, internal force analysis (moments, shear,
axial forces), dynamic analysis, and preliminary design of primary structural elements
(beams and columns).

spColumn: Used for analysis and verification of column cross-section capacity,
particularly in the creation of moment-axial interaction diagrams (P-M-M).

Microsoft Excel: Used for supporting calculations, data tabulation, geotechnical

analysis, and manual verification of load calculations..

Material Structure

The quality and mechanical properties of the materials used are fundamental parameters

that determine the capacity, rigidity, and overall behaviour of the structure. The specifications

of the materials used in this design are as follows.

2.3.1 Structural Concrete

The quality of concrete used for all structural elements (foundations, beams, columns,

slabs, and plates) is concrete with a characteristic compressive strength of 35 MPa at 28 days.

The mechanical properties of the concrete used in the analysis are summarised in Table 1

below.

Table 1 Concrete Material Properties

Properties Value Unt
Compressive Strength Characteristics (f°c) | 35 MPa
Specitic Gravity ( Yc¢) 24 kN/m?
Modulus of elasticity (Ec) 27805,57 | MPa
Poisson ratio (v) 0.2 -
Shear modulus (Gc) 11585,67 | MPa

2.3.2 Reinforcing Steel

Two different types of reinforcing steel are used according to their function in the structural

elements, referring to specifications SNI 2052:2017 and SNI 2052:2024.

Main reinforcement (deformed) is used to withstand bending and main axial loads. The
specification used is BjTS 550.
Shear reinforcement (plain) is used to resist shear forces and provide restraint to

concrete. The specification used is BjTS 280.
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Table 2 Reinforcing Steel Material Properties

18

. BjTS 550 (Deformed) BjTS 280 (Plain)
Properties (MPa) (MPa)
Minimum Melting Voltage (fy) | 550 280
lg;[&;nmum Breakdown Voltage 675 405
Modulus of elasticity (Es) 200.000 200.000
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CHAPTER III
STRUCTURE SYSTEM

3.1 Upper Structure

The superstructure system is designed to efficiently withstand and distribute two main types

of loads: gravitational loads (vertical) and lateral loads (horizontal).

3.1.1 Gravitational Force Support Frame System

This system functions to support dead loads (its own weight and architectural components)

and live loads (resulting from occupancy). This system consists of:

o Floor Plate
Reinforced concrete slabs with thicknesses of 150 and 120 mm for typical floors and
roof slabs. These slabs are designed as a two-way slab system that transfers loads to the
surrounding beams.

. Secondary Beam, serves to reduce the span of the slab and transfer the slab load to the
main beam. The dimensions used are 250x400 mm.

. Main Beam is the main flexible element that rests on the columns. This beam receives
loads from the slabs and secondary beams. The dimensions used are 350x600 mm.

J Columns are vertical structural elements that bear the load from the beam system and
transfer it to the foundations. The dimensions of the main columns are 700x700 mm

(K1) and the secondary columns are 250x250 mm (K2).

3.1.2 Lateral Force Retaining Frame System (SMF)

To withstand lateral forces caused by earthquakes and wind, a Special Moment Frame (SMF)

was selected. The selection of this system was based on several crucial considerations:

1. Seismic Risk Level
The city of Palu is located in an area with a high risk of earthquakes, as will be explained
in Chapter 4. This requires the use of structural systems with superior energy dissipation
capabilities.

2. Building Risk Categories
As a hospital facility, this building falls under Risk Category IV according to SNI
1726:2019, which requires higher seismic design standards.

3. Ductility and Performance
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SMF is specifically designed and detailed to behave ductile during strong
earthquakes. This system allows the formation of plastic hinges at predetermined
locations (generally in beams), so that the structure can deform inelastically without
experiencing brittle failure.

SMF is applied to the entire main portal frame in both orthogonal directions of the
building (X and Y directions). Implementation of this system requires strict compliance with
the reinforcement details specified in SNI 2847:2019 Chapter 18, especially at beam-column
connections, to ensure the strong column-weak beam mechanism is achieved (columns are

stronger than beams).

3.2 Sub-structure System

The substructure or foundation system serves to safely transfer all loads from the
superstructure to the supporting soil layer. Based on the working drawings, the foundation
system used is a combination foundation system consisting of:

. Pile Cap Foundation: Type PC1 measuring 5.6 x 3.6 m and type PC2 measuring 15.0 x
12.5 m are used under the pile foundation to reach soil layers with better bearing
capacity.

J Sloof, a binding beam that connects all foundation heads at one elevation. Sloof serves
to level the decline, withstand wall loads, and provide additional rigidity to the

foundation system..

3.3 Assumptions and Criteria for Structural Modelling

Structural modelling and analysis in ETABS software is based on several generally accepted
engineering assumptions to simplify the behaviour of real structures into mathematical

models.

3.3.1 Modelling of Plate Elements and Diaphragm Behaviour

All horizontal elements, including floor slabs, roof slabs, and stair slabs, are modelled
as shell elements with semi-rigid diaphragm behaviour. The change from the assumption of a
rigid diaphragm to a semi-rigid one aims to obtain a more realistic analysis of the structure's
behaviour. This assumption has the following implications [7], [8], [9]:

J Actual stiftness of the plate
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The analysis model takes into account the actual in-plane stiffness of the plate
element based on its thickness, shape, and material properties. Unlike rigid diaphragms,
which have infinite stiffness, semi-rigid diaphragms can undergo deformation in their
own plane.

J Lateral load distribution

Taking into account the flexibility of the slab, the semi-rigid diaphragm will
distribute lateral forces (wind and earthquake) to the vertical force-bearing elements
(SMF columns) more accurately based on the compatibility of deformation between the
diaphragm and these vertical elements. This provides a clearer picture of how forces are
transmitted, especially in structures with plans that are not completely symmetrical or
have large openings.

o Analysis of internal diaphragm forces
This modelling enables the software to calculate and display the membrane stress and
internal forces (shear, axial, and in-plane bending forces) occurring in the plate element

itself, which is important for the design of collector elements and chords.

3.3.2 Structural Support Conditions

The base structure, which is the meeting point between the bottom column and the
foundation system, is modelled as a Fixed Support. This assumption considers that the
foundation system and the soil beneath it are capable of providing full restraint to all degrees
of freedom, both translational (displacement) and rotational. This is a common assumption
used in superstructure analysis and tends to produce conservative internal forces (moments,
shear, axial) at the base of the column, which then becomes the basis for foundation system

design.

Author: Yoda Karunia Kuntoro, B.Eng.



22

CHAPTER 1V
GEOTECHNICAL ANALYSIS AND EARTHQUAKE PARAMETERS

4.1 Soil Conditions

This section presents a comprehensive geotechnical analysis of the subsurface
conditions at the construction site of the 10-storey Catenary Hospital in Palu City, Central
Sulawesi. The main objective of this analysis is to characterise the soil profile and determine
its classification (Site Class) in accordance with the provisions mandated by SNI 1726:2019
concerning Procedures for Earthquake Resistance Planning for Building and Non-Building
Structures.

Site classification is a fundamental prerequisite in determining location-specific seismic
amplification factors, namely the Fa and Fv Site Coefficients. These factors directly influence
the calculation of the design response spectrum and the overall seismic loading acting on the
structure, as will be further elaborated in Section 4.2 of this technical report. All analyses
presented are based on raw data obtained from a series of cone penetration tests (CPT),

commonly known as sounding tests, conducted at several points throughout the project area.

Cone Penetration Test (CPT) Probe
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Figure 13 Schematic Illustration of the CPT Testing Mechanism for Soil Stratigraphy
Identification

The visualisation in Figure 13 represents the working principle of the CPT or sounding

device, which is the primary method of soil investigation in this project (Points S-1 to S-11).
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The illustration shows the penetration of an iron cone into the soil layer, which produces cone
resistance (qc) and friction resistance (fs) parameters. This data is crucial in the geotechnical
analysis in Chapter IV of this technical report, as the qc value is converted into an equivalent
N-SPT value to determine the soil site classification. Based on this visual data, it can be
understood how variations in soil density—from soft layers on the surface to hard soil layers
at depth—are detected in real-time through the cone resistance graph, which then becomes

the basis for determining the SE Site Class (Soft Soil) for earthquake load calculations.

4.1.1 Soil Investigation Data
4.1.1.1 Scope of Field Investigation

A field soil investigation programme was carried out to obtain a representative
understanding of the stratigraphy and mechanical properties of the soil at the project site.
Characterisation of subsurface conditions was based on a cone penetration test (CPT)
programme with sleeve friction measurements, carried out in accordance with the procedures
specified in SNI 8299:2017.

This investigation included testing at eleven (11) different test points, coded S-1 to S-
11. These test points were strategically distributed throughout the 40.0 m x 24.0 m building
site plan area to capture the potential spatial variability of the soil layers. The decision to
conduct tests at eleven points is a careful approach that exceeds minimum standards, given
the importance of reliable site characterisation for buildings with high occupancy levels and
a Risk Category IV classification. This approach significantly reduces the uncertainty inherent
in subsurface conditions and allows for a more conservative and accountable site

classification.

4.1.1.2 Summary of Cone Penetration Test Data (qc)

The main parameters generated from the CPT test are cone tip resistance (qc) and sleeve
friction (fs), which are measured at depth intervals of every 20 cm. The qc value (in raw data,
this parameter is recorded as CN or Conus) is a direct indicator of soil strength and stiftness;
higher values generally indicate denser or harder soil layers.

A preliminary review of raw data from eleven test points shows a relatively consistent
soil profile across all locations. In general, the upper soil layer, to a depth of approximately
12 to 15 metres, shows relatively low to moderate qc values, ranging from 5 kg/cm? to 40

kg/cm?. Below this depth, there is a gradual increase in qc values, although few exceed 100
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kg/cm? within the investigated depth range (approximately 25 metres). These preliminary
observations indicate that the soil profile at the project site does not fall into the category of
hard soil (Site Class SC) or rock (Site Class SB/SA), but rather tends to be in the category of
medium soil (SD) or soft soil (SE). To provide a clearer comparative picture, a summary of

gc values at various depths is presented in Table 3.

Table 3 Summary of Cone Penetration Test (qc) Data at Test Points

Test | 9 at a depth | qc at a depth | qc at a depth | qc at a depth | ¢c at a depth
Point of -5.0 m of -10.0 m of -15.0 m 0of -20.0 m of -24.0 m
(kg/cm?) (kg/cm?) (kg/cm?) (kg/cm?) (kg/cm?)

S-1 28 10 15 30 30

S-2 15 6 12 10 9

S-3 28 13 12 20 20

S-4 18 6 10 11 14

S-5 28 10 10 17 20

S-6 20 10 20 20 30

S-7 28 12 11 15 18

S-8 15 10 15 22 25

S-9 15 8 10 16 22

S-10 | 15 10 9 15 24

S-11 15 8 10 20 25

4.1.2 Site Class Classification in accordance with SNI 1726:2019
4.1.2.1 Basis for Determination and Classification Criteria

SNI 1726:2019, in Article 5.3, mandates that every construction site must be classified
into one of six Site Classes, namely SA (Hard Rock) to SF (Special Soil), based on the average
properties of the soil profile to a depth of 30 metres below the surface. The classification
criteria can be based on one of three parameters: average shear wave velocity (Vg), average
Standard Penetration Test (SPT) value (N), or average undrained shear strength (5,).

Given that the available soil investigation data is CPT data, the most relevant
classification procedure is to use the average SPT value parameter (N3q). To do this, the CPT
data must first be converted into equivalent N-SPT values. The site classification criteria

based on the N3, value are summarised in Table 4 below

Table 4 Classification Criteria for Site Classes Based on N3, Values (SNI 1726:2019)

. . .. | Average N-SPT Value (N3,)
Site Class Land Description (blows/30 cm)
SC Hard Soil > 50
SD Medium Soil 15 hingga 50
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Average N-SPT Value (N3()

(blows/30 cm)

SE Soft Soil <15

SF Special Soil Requirgs specific  location
evaluation

Source: SNI 1726:2019, Table 3

Site Class Land Description

4.1.2.2 Methodology for Converting CPT (qc) Data to N-SPT (N)

Since site classification requires the N3, parameter, the cone resistance value (qc)

obtained from the cone penetration test must be converted to the equivalent N-SPT value (Ni1)

for each soil layer. The use of a single conversion ratio (qc/N) for the entire soil profile is an

excessive simplification and is technically inaccurate, because the correlation between qc and

N is highly dependent on the type of soil.

Therefore, this analysis applies a more careful methodology based on Soil Behaviour

Type, which refers to the widely recognised geotechnical correlation of Robertson &

Campanella, 1983. This process involves the following steps:

1.

Classification of Soil Behaviour Based on Friction Ratio (FR)

At each depth interval, the friction ratio is calculated. This parameter provides a
qualitative indication of the soil type (fine-grained such as clay, or coarse-grained such
as sand). FR is calculated from the skin friction (fs) and cone resistance (qc) data using

the formula:

FR (%)=%x 100%

The fs value is calculated from the recorded Cohesion Resistance (JHP or CL) data,
assuming that the standard cone area is 150 cm? Thus, fs for each 20 cm interval is

calculated as:

_ JHP— JHP;_,
150 kg/cm2

fs (kg/cm?)
where JHPi is the JHP value at the current depth and JHP;-; is the JHP value at the
previous depth.

QC/N Conversion Ratio Application According to Soil Type

After the soil behaviour type was identified for each layer based on the FR value, the
corresponding qc/N conversion ratio was applied to calculate the Ni value. This

approach ensures that the conversion adapts to changes in soil layers, resulting in a
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much more realistic equivalent N-SPT profile. The ratios used in this analysis are

summarised in Table 5.

Table 5 qc/N Conversion Ratio Based on Soil Behaviour Type

Soil Behaviour Type Description Ratio q¢/N
(Based on FR) (kg/cm?/blow)
FR >3.5% Clay 2.0
1.5% <FR <3.5% Silt 3.0
FR<1.5% Sand 4.0

4.1.2.3 Calculation of Average N-SPT Value (N3,)

The average N-SPT value for the top 30 metres of the soil profile (N3,) is calculated using
the equation specified in SNI 1726:2019, Section 5.3.1:

= YL, hi

307 opn hi
Zi=1m

where:
o . hi is the total depth surveyed (i.e., 30 m).
. hi is the thickness of soil layer i (in this analysis, the interval is 0.2 m).

o Ni is the equivalent N-SPT value for layer i resulting from the conversion of qc data.

From detailed calculations for point S-5, it was found that:

30.00

N30 S5 = m =23.16 blow/30 cm

The same calculation procedure was applied to the other ten test points. The final results of

the N3, calculations for all investigation locations are summarised in Table 6.

Table 6 Summary of Calculation Results for N3, Values for All Test Points

Test Point | Final Test Depth (m) | Calculated N3, value (blows/30 cm)
S-1 24.6 24.55
S-2 24 .8 21.89
S-3 24.6 26.73
S-4 24 .8 22.14
S-5 24.8 23.16
S-6 24.6 28.31
S-7 24.8 27.59
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Test Point | Final Test Depth (m) | Calculated N3, value (blows/30 cm)
S-8 24.6 25.92
S-9 24.6 25.03
S-10 24.6 23.88
S-11 24.6 23.44

Nilai Terendah Situs | 22.14

4.1.2.4 Conclusion of Site Classification

Based on the comprehensive analysis of CPT data obtained from eleven test points
throughout the project site, the average N-SPT value for the top 30 metres of the soil profile
(N3p) has been calculated. As summarised in Table 6, the N3, values obtained range from
22.18 to 28.31.

All values consistently fall within the criteria range of 15 < N3, < 50 set by SNI
1726:2019 for Medium Soil. The consistency of the results at eleven points provides a high
level of confidence in this conclusion.

Thus, based on the criteria in Table 3 of SNI 1726:2019, the location of the 10-storey
"Catenary Hospital" building project is definitively classified as Site Class SD (Medium Soil).
This classification will form the basis for determining the site coefficients Fa and Fv, which

will be used to construct the design response spectrum in subsection 4.2 of this report.

4.2 Design Spectrum Response Parameters

The seismic-resistant structural design for the 10-storey Catenary Hospital building is
based on the procedures set out in SNI 1726:2019 (Procedures for Seismic Resistance Design
for Building and Non-Building Structures). The determination of the design earthquake load
is highly dependent on the specific geographical location of the building and the
characteristics of the soil layers beneath it. Given the building's function as a healthcare
facility (Risk Category IV), the earthquake parameter analysis was conducted with a high
degree of precision to ensure that the structure would remain functional and operational after
an earthquake. The project location is administratively located in Palu City, Central Sulawesi,
with the following coordinates::

o Latitude: -0.833333
o Longitude: 119.9
Based on these coordinates, the project site is located in an area with high seismic intensity,

which is influenced by complex regional tectonic activity.
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4.2.1 Basic Rock Acceleration Parameters (SS and S1)

The first step in determining earthquake load is to identify earthquake acceleration
parameters for the bedrock conditions (Site Class SB). These parameters are obtained from
the Indonesian Earthquake Map (Puskim PU), which represents a 2% probability of
exceedance in 50 years (MCER earthquake). Based on the location coordinates, the bedrock
acceleration parameters are determined as follows:

J Short period spectral response acceleration (0.2 seconds), SS: 1.50 g
o 1-second period spectral response acceleration, S1: 0.60 g
An SS value of 0.60 g indicates that the potential for shock to the bedrock at this location

is very high, requiring a structural system capable of effectively dissipating seismic energy..

4.2.2 Site Class Classification

The response of the ground surface to seismic waves is greatly influenced by the
characteristics of the local soil layers. Based on the soil investigation data (Geotechnical)
described in the previous subsection, the soil profile at the project site is dominated by soil
layers with low bearing capacity and susceptibility to wave amplification.

Referring to Table 3 of SNI 1726:2019, based on the average N-SPT value (N3o < 15)
and the physical characteristics of the soil, the site class at the project location is classified as
SE (Soft Soil). This soft soil (SE) condition is of particular concern in the design because it
tends to increase the amplitude of seismic waves, especially during longer vibration periods,

which can increase the base shear force on multi-storey structures such as this hospital..

4.2.3 Seismic Amplification Factors (Fa and Fv)

The acceleration spectrum response at ground level is greatly influenced by the
characteristics of the soil layers beneath the structure. Seismic waves propagating from the
bedrock towards the surface will undergo changes in characteristics, either amplification or
de-amplification, depending on the type and stiffness of the soil they pass through. This
phenomenon is quantified in SNI 1726:2019 through two main site coefficients, namely the
Short Period Amplification Factor (Fa) and the 1 Second Amplification Factor (Fv). The
determination of these two coefficients is based on the correlation between the Site Class
established in the previous subsection, namely Soft Soil (Site Class SE), and the intensity of

the bedrock acceleration parameters (Ss and S1).
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The determination of the Short Period Amplification Factor (Fa) value is carried out
with reference to Table 6 of SNI 1726:2019. Based on the earthquake data for the planning
area, it is known that the value of the MCER seismic acceleration spectral response parameter
mapped for the short period (Ss) is 0.60 g. For Site Class SE (Soft Soil), the standard stipulates
that the Fa value varies non-linearly with the Ss value. Referring to the reference table, for an
Ss value of 1.50 g, the Fa coefficient is 0.8. This value indicates that at short periods, the soft
soil layer at this location provides little amplification to the earthquake waves from the
bedrock.

Next, the determination of the I-second Period Amplification Factor (Fv) value is
carried out by referring to Table 7 of SNI 1726:2019. The input parameter used is the mapped
MCER seismic acceleration spectral response value for a 1-second period (S1), which is
recorded at 0.60 g. In Soft Soil conditions (Site Class SE), the behaviour of the soil towards
long-period waves is very sensitive to the magnitude of the vibration input. The standard
stipulates that for an S1 value of 0.60 g, the Fv coefficient is 2.0. This value is very significant
and confirms the characteristic of soft soil, which tends to amplify the amplitude of long-
period earthquake waves to more than double that of bedrock conditions. This is a particular
concern in the design of a 10-storey building with a natural vibration period approaching 1
second, as the potential for resonance and the resulting base shear forces will be substantial.

In summary, the site coefficient parameters used for the response spectrum analysis of

the Islamic boarding school building design are summarised in the following table:

Table 7 Recapitulation of Site Coefficients (Fa and Fv)

. Bedrock . Calculated Amplification
Parameters Notation Input Value Site Class Coefficient
Short period (02| ¢ 150 g SE (Soft Soil) | Fa = 0,80
seconds)
Long period (1.0 | ¢, 0,60 g SE (Soft Soil) | Fv=2,0
second)

4.2.4 Spectral Response Acceleration Parameters

At the Surface (Sms and Smi) Taking into account the soil amplification factor, the
maximum considered earthquake acceleration (MCER) parameter at ground level is calculated
as follows:

SmMs=FaxSS=0,80x1,5=1,20¢g

SmMi=FvxS1=2,0x0,6=120¢g
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4.2.5 Design Acceleration Parameters (Sps and Spi1)

In accordance with the provisions of SNI 1726:2019 Article 6.3, the design earthquake
acceleration parameter is taken as 2/3 of the maximum spectral response parameter (MCER).
This value is used directly in the calculation of Base Shear Force.

1. Short Period Design Acceleration Parameters (Sps)
Sps == X Swis == x 1,20 = 0,80

2. 2. Design Acceleration Parameter for a 1-Second Period (Sp1)
Spi=2x Sm1 ==x 1,20 = 0,80

The Sps value of 0.533 g and Spi value of 0.80 g indicate unique spectral characteristics
at this location, where the earthquake energy level remains high up to a period of 1 second

due to the effect of soft soil. This requires structures to have a balance of rigidity and ductility..

4.2.6 Design Spectrum Response Curve
The design spectrum response curve is formed based on the Sps and SD1 parameters and the
transition periods TO and TS. Transition Period Calculation:

o Short period (TO0):

TO=0.2x2t=02x 222 = 0.3 detik
Sps 0,533

. Transition period (TS): (often referred to as T1 in the context of spectrum graphs)

Spectrum Curve Equation (Sa)

Based on the above parameters, the shape of the acceleration spectrum response curve (Sa) is
constructed with the following conditions:

I.  ForT<TO(0sto0.20 s): The spectrum response increases linearly from a value of 0.4

x Sps until it reaches the SDS peak.
Sa=Sps x (04 + 0.6 x )

2. ForTO<T<TS(0.20 s to 1.00 s): Constant spectrum response at maximum value.
Sa = Sps =0,80

3. For T > TS (greater than 1.00 s): The spectrum response decreases inversely with the

period T.
Sp; _ 0,80
Sa T e T —
T T
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Figure 14 Design Spectrum Response Curve (Sa vs T) Project

To facilitate data input into the ETABS structural analysis software, Table 9 below
summarises the final design earthquake parameters for the 10-storey Catenary Hospital

building in Palu City:

Table 8 Summary of Earthquake Parameters in Accordance with SNI 1726:2019

Parameters Notasi Nilai Satuan
Basic Rock Acceleration (Short) SS 1,50 g
Basic Rock Acceleration (1 Second) | S1 0,60 g
Site Class - SE (Soft Soil) | -
Site Coefficient Fa 0,80 -
Site Coefficient Fv 2,00 -
Design Acceleration (Short) Sps 0,5333 g
Design Acceleration (1 Second) Spi 0,80 g
Initial Transition Period TO 0,30 Second
Peak Transition Period TS/ Tl 1,5 second

This data confirms that the building structure must be designed with a high level of
caution in accordance with Seismic Design Category (KDS) D, which requires the use of

special reinforcement details (SMF) to ensure the safety of hospital occupants.

4.2.7 Design Spectrum Response Graph
Based on the above parameters, the design spectrum response curve can be constructed. The

curve in Figure 15 is the basis for determining the seismic load acting on the structure.
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Load analysis is a fundamental stage in structural design where all forces that may act

on a building during its service life are identified and quantified. Load calculations refer to

SNI 1727:2020 for dead, live, and wind loads, and SNI 1726:2019 for seismic loads.

5.1 Dead Load (DL)

Dead load is a permanent and constant vertical load, consisting of the weight of the structure

itself and non-structural components attached to it.

5.1.1 Dead Load of Structures

This load includes the dead weight of all main structural elements such as foundations,

columns, beams, and slabs. In analyses using ETABS software, this load is calculated

automatically by the program based on the geometric volume of each modelled element and

the previously defined material density.

Table 9 Specific Gravity of Structural Materials

Material Specific Gravity (Y)

References

Reinforced Concrete | 24 kN/m?

SNI 1727:2020

Structural Steel 78.5 kN/m?

SNI 1727:2020

5.1.2 Superimposed Dead Load (SIDL)

SIDL is the weight of all non-structural, architectural, and utility components carried by the

structure. This load is applied separately to the structural model.

5.1.2.1 SIDL Wall

The load of the brick wall is applied as a uniform line load on the beams that support it.

It is assumed that the clear height of the wall is 3.0 m (the height of each floor is 3.0 m minus

the height of the beam).

Table 10 Calculation of Line Load Due to Walls

Components Thickness or Specifications | Unit Weight | Load per m*> Wall
Lightweight brick pair 10 cm 10 kg/m? 0.981 kN/m?
Plaster + render (2 sides) | 2x 2 cm 21 kg/m? 0.824 kN/m?
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Components \ Thickness or Specifications | Unit Weight | Load per m*> Wall
Total load per m? of wall 1.805 kN/m?
Line load on beams (®) ‘ Height 3.0 m ‘ 5.415 kN/m

5.1.2.2 Typical Floor Slab SIDL (Floors 1-5)

The loads in Table 11 are applied as uniformly distributed loads over the entire surface of

floor slabs 1 to 5.

Table 11 SIDL Uniform Load Calculation for Typical Floor Slabs

Komponen Tebal Berat Satuan Beban per m*

Pelat

Spesi/Adukan 3cm 21 kN/m? 0.63 kN/m?

Penutup Lantai Keramik 1 cm 24 kN/m? 0.24 kN/m?

Plafon + Penggantung - - 0.20 kN/m?
Instalasi Mekanikal, Elektrikal,

& Plumbing (MEP) i - 0.25 KN/m?

Total Beban SIDL Pelat Lantai | 1.32 kN/m?

5.1.2.3 SIDL Roof Slab

Additional dead loads acting on the concrete roof slab structure are calculated to

accommodate permanent non-structural material loads. These load components include a

waterproofing membrane layer that functions as a leak protector, a screed layer that protects

the slope for rainwater drainage, as well as mechanical and electrical (M/E) loads such as

lights and pipe installations suspended from the underside of the slab. Estimates of the

additional dead load for roof slabs are summarised in detail in Table 12 below.

Table 12 Recapitulation of SIDL Load on Roof Slabs

Components Thickness | Unit Wight | Load per m? Plate
Waterproofing Layer - - 0.15 kN/m?
Protective Screed S5cm 21 kg/m? 1.05 kN/m?
Ceiling + Hanging System (underside) | - - 0.20 kN/m?

MEP Installation - - 0.25 kN/m?
Total SIDL Roof Load | 1.65 kN/m?

5.2 Live Load (LL)

5.2.1 Introduction and Philosophy of Load Planning

Within the framework of planning the structure of healthcare facilities, particularly for

the Catenary Hospital project, which is planned as a 10-storey building in the Palu area of

Central Sulawesi, determining the live load is not merely a mechanical process of entering
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figures from regulatory tables into structural analysis software. This process is a fundamental
step that requires an in-depth synthesis between an understanding of hospital operations,
structural behaviour under gravitational loads, and anticipation of disaster risks, given that the
project site is located in an active seismic zone with a significant history of earthquakes.

This subsection presents a comprehensive analysis of the live load to be applied to all
floor elements of the building. Live load is defined as the load caused by the use and
occupancy of the building, which includes the weight of people, furniture, movable medical
equipment, vehicles (if any), and other items that are not a permanent part of the structure.
Unlike dead loads, which are deterministic and permanent in nature, live loads have
probabilistic characteristics that fluctuate throughout the service life of a building. Therefore,
the approach used in this report adopts the principle of reliability-based design with a high
confidence level, in accordance with the classification of hospitals as Risk Category IV in
modern building safety standards. This category mandates that the structure must not only be
able to prevent collapse during a major earthquake, but also maintain immediate occupancy
after a disaster to serve victims.

This analysis was compiled by reviewing in detail the published Working Drawings,
from the Ground Floor to the Roof Floor. Each space was identified by function, analysed for
potential occupancy density, and estimated for the load of equipment that might be placed
within it. This technical paper aims to provide a strong justification behind each load figure
selected, ensuring that the structural design has adequate rigidity and strength without

resulting in unnecessary material wastage (oversizing).

5.2.2 Legal Basis and Technical Reference Standards

As a binding legal and technical basis, all calculations and assumptions of live loads in
this report refer to the applicable standards in Indonesia and international standards that serve
as global references in earthquake-resistant building design. The main reference used is SNI
1727:2020 on "Minimum Design Loads and Related Criteria for Buildings and Other
Structures". This standard is an adoption of ASCE 7-16 (American Society of Civil
Engineers), which has been adapted to conditions in Indonesia.

However, given the rapid development of medical technology and changes in the
operational patterns of healthcare facilities, this report also benchmarks against the latest
ASCE 7-22 standard (Minimum Design Loads and Associated Criteria for Buildings and

Other Structures). The use of ASCE 7-22 is crucial because this standard provides a more
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granular and specific load classification for areas of modern hospitals, such as the separation
of load categories between operating rooms, catheterisation laboratories, and intensive care
rooms, which may not be fully detailed in older standards.

In addition, this analysis also refers to ACI 318 (Building Code Requirements for
Structural Concrete) to understand the interaction between live loads and the reduction factor
of reinforced concrete strength, as well as SNI 1726:2019 regarding earthquake resistance
planning procedures, particularly related to the contribution of live loads to the effective
seismic mass of buildings. This synergy between standards ensures that the planned live load
is not only safe against vertical gravitational forces, but also valid when combined with lateral
earthquake loads, which are a major threat in the Palu region.

In the decision-making hierarchy, if there is a difference in values between the minimum
standard of SNI 1727:2020 and the specific recommendations of medical equipment
manufacturers (vendors) or the more conservative ASCE 7-22 standard, the value that
provides the greatest safety impact (maximum load effect) will be selected. This is in line with
the principle of prudence in designing vital infrastructure. For example, in the Radiology area
or Generator Room, the specific load of heavy equipment often exceeds the standard uniform

load, so concentrated load analysis takes priority over uniform load analysis.

5.2.3 Methodology for Determining Load Categories and Reduction Factors

The methodology applied in determining the live load for Catenary Hospital involves
spatial mapping of room functions based on architectural plans. Each square metre of floor
space is categorised based on its intensity of use, probability of human crowding, and potential
equipment load. In general, live loads are classified into three main components:

1.  Uniformly Distributed Load is expressed in kN/m? (kilonewtons per square metre),
representing the average load of occupants and furniture on the floor slab.

2. Concentrated Load is expressed in kN (kilonewtons), representing point loads from
heavy equipment feet, patient stretchers, or machine supports. Floor structures are
designed to withstand either the uniformly distributed load or the concentrated load that
exerts the greatest force.

3. Partition Load
Given the flexible nature of hospital layouts, the additional load for movable partition
walls is calculated as either an additional live load or a superimposed dead load,

depending on the certainty of the wall's position.
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One technical aspect that requires special attention in a 10-storey building is the
application of Live Load Reduction. In accordance with SNI 1727:2020 Article 4.7 and ASCE
7-22 Section 4.7, structural elements such as main columns and foundations that bear a large
floor tributary area (KLL x At > 37.16 m?) are permitted to be designed with reduced live
loads. The rationale behind this reduction is the very low statistical probability that all floors
on the 10 levels of the building will be filled with maximum live loads simultaneously at the
same time.

However, there are strict exceptions applied in this project. Live load reduction is not
permitted on:

. Public assembly areas where the live load exceeds 4.79 kN/m?, such as the Main Lobby,

Prayer Room, and Canteen.

J Vehicle parking areas (if any).
. Roof areas used for public purposes.
. Heavy storage rooms or machine rooms.

For floor slab and secondary beam elements, the design continues to use full live loads
(without reduction) to prevent local failure. In addition, this analysis requires the addition of
a minimum partition load of 0.72 kN/m? (15 psf) in all office areas, inpatient rooms, and
polyclinics, unless the actual partition weight has been calculated in detail in the dead load or

the basic live load used exceeds 3.83 kN/m?.

5.2.4 Live Load Analysis of Ground Floor (Floor 1): Public & Critical Service Zone

The first floor of Catenary Hospital is the operational "heart" with the highest intensity
of human traffic and medical equipment. The load analysis on this floor focuses on evacuation
capacity and support for heavy diagnostic equipment..

A. Main Lobby and Circulation Area
Upon entering the building through the main entrance, the Lobby area (Grid B-

C/5-9) serves as a transition space and meeting point. Based on SNI 1727:2020 Table

4.3-1 and ASCE 7-22, the lobby and corridors on the first floor (First Floor Corridors)

are classified as meeting areas with a minimum live load of 4.79 kN/m? (100 psf). This

high load value is crucial to anticipate dense crowd loading during registration queues
or, more critically, during emergency evacuations due to earthquakes. There is no load

reduction tolerance on the elements supporting this area. The same applies to the
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corridors in front of the Passenger Lift and Patient Lift (Grid A-D), which serve as
vertical junctions for stretcher movement.
Emergency Room (ER) and Intensive Care Unit (ICU)

The left wing of the building houses the Emergency Room (Grid A-B/1-4), the
Intensive Care Unit (Grid C-D/1-4), and the Intensive Care Unit (Grid E/1-4). This area
has unique load characteristics. Although standard patient care generally allows for a
load of 1.92 kN/m?, emergency areas require higher loads. Here, stretcher movements
are carried out at high speeds (causing dynamic loads), there is a concentration of heavy
life support equipment around the patient's bed, and there is a high density of medical
teams (doctors and nurses) gathered at one point during resuscitation. Therefore, this
analysis sets the live load for the A&E, ER, and ICU areas equivalent to that of the
Operating Theatre, namely 2.87 kN/m? (60 psf). In fact, for the main circulation routes
within the A&E/ER block, a load of 4.79 kN/m? is recommended to provide full
flexibility. Floor slabs in these areas must also be checked for a concentrated load of
4.45 kN (1000 Ibs) to accommodate the weight of heavy medical equipment such as
mobile X-ray machines or portable ventilators.

Radiology and Diagnostic Imaging

The Radiology Room (Grid F/1-4) and Ultrasound Room (Grid F/5-9) require
specific structural attention. The Radiology Room not only bears the weight of human
occupants, but also very heavy stationary X-ray equipment. Additionally, the walls of
these rooms are lined with lead for radiation protection, which significantly increases
the dead load on the walls. ASCE Standard 7-22 classifies these rooms as equivalent to
scientific laboratories with a live load of 2.87 kN/m? (60 psf). However, structural
planners must verify the weight of specific equipment (such as CT-Scan or MRI
machines if there are development plans), which often requires special reinforcement
of the floor slab with a planned load of 4.79 kN/m? or more in the equipment support
area. The rigidity of the slab in this area must also be strictly controlled to prevent
deflection that could distort the imaging results.

Integrated Polyclinic

The right side of the ground floor is occupied by a row of polyclinics: Eye Clinic,
Neurology Clinic, General Clinic (Grid A-B/10-13) and Dental Clinic, Nutrition Clinic,
Cardiology Clinic, Pulmonology Clinic, Dermatology Clinic, Psychiatry Clinic (Grid
G-H/1-13). The function of this space is similar to that of a medical office. SNI
1727:2020 permits a live load of 2.40 kN/m? (50 psf) for offices. However, an exception
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applies to the Dental Clinic. Dental chairs, along with compressor units and operating
lights, are significant and permanent concentrated loads during the service period.
Therefore, the Dental Clinic area is designed with a live load that can withstand a
minimum concentrated load of 13.35 kN (3000 Ibs) at the chair support area, above the
standard uniform load. For other clinics, a load of 2.40 kN/m? plus a partition load of
0.72 kN/m? is considered adequate to accommodate examination tables, filing cabinets,
and patients.
Pharmacy and Delivery Room

The Pharmacy Room (Grid C/10-13) serves as a medicine storage area. The dense
and tall medicine shelves can generate loads that far exceed those of a typical office
space. This analysis categorises the Pharmacy as a light to medium storage area, with a
design live load of 4.79 kN/m? (100 psf) to ensure long-term safety in the event of an
accumulation of medical logistics stock. The Delivery Room (Grid G/1-4) is equivalent

to a medical/operating room with a load of 2.87 kN/m?.

5.2.5 Live Load Analysis for Floor 2: Surgical Zone, Intensive Care, and Heavy Services

The second floor has a dual function as a sterile medical area and a heavy-duty service

area. Structural separation or special treatment of the floor slabs may be necessary to isolate

vibrations from the service area to the medical area.

A.

Operating Room (Surgery)

The Operating Theatre located in Grid H/1-4 is the most critical area on the 2nd
floor. Operating tables, surgical lights, anaesthesia machines, and monitoring equipment
are the main loads. ASCE 7-22 and SNI 1727:2020 specifically stipulate a live load for
Operating Rooms of 2.87 kN/m? (60 psf). However, more important than the load
magnitude is the floor stiffness requirement. Deflection due to live loads must be strictly
limited (e.g., L/480 or stiffer) to prevent micro-vibrations that could interfere with
precision surgical procedures. The suspended load from the operating lights on the
ceiling must also be considered as a concentrated load on the beams above.

Nutrition Kitchen and Laundry

In the lower right corner (Grid H/10-13), there is a kitchen and laundry room. These
two rooms are the areas with the highest living load in the entire building.

. Commercial kitchens contain heavy stainless steel cooking equipment, large pots,

walk-in chillers/freezers, and liquid and food loads. ASCE 7-22 specifies a load
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for Kitchens (other than domestic) of 7.18 kN/m? (150 psf). This load must not be
reduced.

J Laundry rooms contain industrial-capacity washing machines (washer-extractors)
and dryers (tumblers) that generate strong centrifugal dynamic loads during the
spin cycle. The minimum live load is 7.18 kN/m? (150 psf). The structural
designer must add a dynamic load factor (typically 1.2 to 1.5 times the static load
of the machine) to the support beams to prevent fatigue cracking and structural
resonance. The floor slab in this area must also be designed to be waterproof and
have good drainage slope, which adds to the dead load of the floor screed.

Mortuary and Laboratory
The Mortuary Room (Grid D/1-4) is used for embalming and storage. The load

comes from the body stretcher, the stone/stainless steel embalming table, and the

mortuary refrigerator. ASCE 7-22 provides specific load guidelines for morgues of 6.00

kN/m? (125 psf). This high load is justified considering the high density of the

refrigeration units. The Laboratory Room (Grid G/5-9) is designed with a load of 2.87

kN/m? (60 psf). Laboratory workbenches, which are often made of concrete or

chemical-resistant materials, should be calculated as additional dead load or
concentrated live load if their position is flexible.

Baby Care Area and Prayer Room
The Healthy Baby Room and Sick Baby Room (Grid G-H) are categorised as

treatment rooms with a load of 1.92 kN/m?. However, baby incubators are sensitive to

vibrations, so floor rigidity remains a priority. The prayer room (Grid C/10-13) is a

gathering area without fixed seating. In accordance with standards for assembly areas,

the live load is set at 4.79 kN/m? (100 psf) to accommodate the density of worshippers

during congregational prayers, especially during busy times.

5.2.6 Live Load Analysis of Floor 3: Haemodialysis and Social Zone

The third floor combines specific care functions with a social canteen area.

A.

Haemodialysis Room

The Haemodialysis Room (Grid D/1-4) is used for dialysis procedures. The load
in this room consists of patients, heavy electric beds or reclining chairs, and dialysis
machines next to each bed. There is also a water treatment system (RO) that circulates

fluid to each machine. Due to the density of equipment and the nature of the procedure,
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this room is categorised as equivalent to a medical procedure room with a load of 2.87
kN/m? (60 psf), which is higher than a typical inpatient room.
Kantin

Located in Grid B/10-13, the Canteen is the main dining area. As a meeting space
with movable tables and chairs, the live load required by SNI 1727:2020 is 4.79 kN/m?
(100 psft). This load takes into account the possibility of the room being crowded with
visitors, staff, and patients' families at lunchtime.
Isolation and Administration Room

The Isolation Room (Grid B/5-9) requires a negative pressure air conditioning
system and an antechamber. In terms of gravity load, this area is treated the same as the
patient care room (1.92 kN/m?), but its partition walls, which may be thicker or lined
with special materials, must be taken into account in the dead load. The Administration
Room and Doctor's Room on this floor are designed as office spaces with a load of 2.40

kN/m? plus partitions.

5.2.7 Live Load Analysis of Typical Floors (Floors 4-10): Inpatient Zone

Floors 4 to 10 are typical floors dedicated to inpatient wards. The structural design on

these floors tends to be uniform (typical design) for construction efficiency.

A.

Inpatient Rooms

All patient rooms on these floors (Grid B, C, D, F, G) are designed with a live
load of 1.92 kN/m? (40 psf) in accordance with SNI 1727:2020 Table 4.3-1. This load
includes the weight of patients, standard hospital beds, visitors, and light medical
equipment in the rooms. It is important to note that a partition load of 0.72 kN/m? must
be added separately in the calculation if the partition walls between rooms use
lightweight materials (gypsum or lightweight bricks) and are not modelled as line loads
on the beams.
Corridors above first floor

There is a significant difference in corridor loads on typical floors compared to
ground floors. SNI 1727:2020 and ASCE 7-22 allow live loads for corridors on care
floors (above the first floor) to be reduced to 3.83 kN/m? (80 psf). This reduction is
based on the assumption that traffic on the care floors is more controlled, dominated by
nurses and patients, and not exposed to massive public crowds such as in the main lobby.

However, these corridors still function as evacuation routes to emergency stairs, so the
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value of 3.83 kN/m? is an absolute minimum limit that cannot be further reduced by
tributary area reduction factors.
C. Satellite Service Area (Warehouse, Kitchen, Laundry)

On each typical floor (Grid H/10-13), there are supporting areas in the form of a
warehouse, kitchen (possibly a pantry for food distribution), and laundry (possibly a
dirty/clean linen room). Although the area is small, the load in these rooms is heavier
than in patient rooms.

J Storage, assumed to be for linen and light medical equipment, load 6.00 kN/m?

(125 psf).

o Satellite Pantry/Laundry: Load 4.79 kN/m? to 7.18 kN/m? to accommodate heavy
food trolleys and stacks of linen. For typical design safety, a load of 6.00 kN/m?

is used evenly across the H grid service area.

5.2.8 Analysis of Roof Live Load and Utilities

The roof area plays a vital role as a place for building utilities..
A. Concrete Roof (Flat Roof)

The roof plan shows flat open areas. For flat roofs that are accessible (accessible
roof) but only for maintenance purposes (maintenance access), the minimum live load
required is 0.96 kN/m? (20 psf). However, given the tropical rainfall in Palu, the
potential for ponding due to drainage blockages must be anticipated. Therefore, this
analysis recommends the use of a minimum roof live load of 1.50 kN/m? or a
combination of worker live load + rainwater load, whichever is greater. If the roof is
planned for future helicopter evacuation (helipad) or a roof garden, the load must be
drastically increased to a minimum of 4.79 kN/m?, but based on the current drawings,
this function is not yet apparent.

B.  Elevator Machine Room

The roof section contains a machine room that serves the lift. The lift traction
machine generates heavy and dynamic loads. ASCE 7-22 requires the floor load of the
lift machine room to be 7.18 kN/m? (150 psf). In addition, the lift machine support
beams must be designed to withstand 200% of the total static weight of the machine and
cabin to accommodate the impact factor during sudden braking or when the safety gear
is activated.

C. Mechanical Electrical (ME) Room and Generator Set
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ME rooms spread across various floors house electrical panels, transformers, and
pumps. These rooms are categorised as machine rooms with a minimum load of 7.18
kN/m? or adjusted to the actual weight of the equipment. Vibrations from the generator
set (if placed inside the building) require a separate foundation or floating floor with
vibration isolators, and the slab load underneath must be able to withstand large
dynamic loads.

Rooftop Water Tank

Water tanks (Toren or Roof Tanks) are extremely heavy fluid loads. One cubic
metre of water is equivalent to 10 kN (1 tonne). The roof slab area beneath the water
tank must be designed based on the maximum tank volume. For example, for a tank 2
metres high, the live load is 20 kN/m?, which is far above the standard live load for any

room.

5.2.9 Implications of Earthquakes and Seismic Mass (Palu Context)

The location of the project in Palu City, which is classified as a high seismic zone, has

serious implications for the determination of live loads. In seismic structural analysis, the

Effective Seismic Weight (W) of a building consists not only of dead load, but must also

include a certain percentage of live load, in accordance with SNI 1726:2019 Article 7.7.2:

1.

A minimum storage area of 25% of the live load of the floor must be included in the
seismic weight W in the Warehouse, Pharmacy, Archive, and Mortuary areas (due to
their storage-like nature).

Partition loads of 0.72 kN/m? must be fully accounted for (100%) as seismic mass
because partition walls will sway and contribute inertial forces during an earthquake.
Permanent Equipment: The total operational load of permanently installed equipment
(Water Tanks, Lift Machines, Laundry Machines, Generators, X-Ray Machines) must
be calculated at 100% in seismic weight.

This confirms that unrealistic (too small) "savings" in live loads are actually dangerous

because they will result in a base shear force that is lower than the actual value. Conversely,

overestimating the live load on all floors will cause the design seismic force to be very large,

which will result in uneconomical dimensions for columns and shear walls. Therefore, the

live load values presented in the following summary table are optimal values that balance the

safety aspects of gravity loads and seismic mass realities.
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Based on an in-depth spatial function analysis and relevant standard references, Table

13 is hereby established as the load input parameters (Basic Load Case) for modelling the

Catenary Hospital structure. This table is binding for all structural planning disciplines.

Table 13 Recapitulation of Life's Burdens

Evenly
Floor 1y stributed Standard Additional
No Room Category / | Location Livin References Information &
Function (Grid Expenis (SNLIT27:2020 | B s
Reference) (LL) [KN/m?] / ASCE 7-22)
A | PUBLIC FACILITIES & CIRCULATION
Must not be
. Floor 1 (B- Table 4.3-1 .
1 | Main Lobby C/5-9) 4,79 (Lobbies) zzl:ced. Meeting
Ground Floor Table 4.3-1 Main evacuation
2 Corridor Floor 1 479 (Corridors 1st 1) | route.
Upper Floor Floors 2 - Table.4.3—1 Includes corridor
3 . 3,83 (Corridors .
Corridor 10 waiting area.
above 1st)
Emergency Stairs Table 4.3-1 Must be rigid,
4 & Balcony All Floors | 4,79 (Stairs) not reduced.
5 Canteen / Dining | Floor 3 479 Table 4.3-1 Doenjfiza d
Room (B/10-13) ’ (Dining rooms) popuia
gathering area.
Floor 2 Table 4.3-1 Assumption of
6 | Prayer Room 4,79 (Assembly high crowd
(C/10-13) .
areas) density.
B | MEDICAL & CARE AREA
Inpatient Room Floor 2 - Table 4.3-1 Add partition
7| (Patients) 10 1,92 (Patient rooms) | 1234 70-72
atients atient rooms N/m?,
Operating Room / | Floor 2 Table 4.3-1 Check the load
8 2,87 (Operating of the operating
Surgery Room (H/1-4)
rooms) lamp.
Emergency Room Floor 1 (A- Table 4.3-1 Equate R.
9 | /Accident and 2,87 (Operating Operation for
D/1-4)
Emergency Room rooms) safety.
10 Intensive Care Floor 1 .87 ?gbleerziii-l IS\I/Ilan}(;rlzeavy life
Unit (ICU) (E/1-4) ’ perating PP
rooms) equipment.
Floor 2 Table 4.3-1 Control floor
11| Laboratory (G/5-9) 2,87 (Laboratories) vibration.
Radiology Room | Floor 1 Table 4.3-1 Spec1a}: Check
12 / X-Ray Room (F/1-4) 2,87 (Laboratories) the weight of the
y X-ray machine &
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Evenly
Floor | pctributea | Standard Additional
No Room Category / | Location Living References Information &
Function (Grid Expenses (SNI 1727:2020 Requirements
Reference) (LL) [KN/m?] / ASCE 7-22)
lead walls. Use
4.79 on the
equipment
support.
Floor 1 Table 4.3-1
13 | Ultrasound Room (F/5-9) 2,87 (Laboratories) -
S . ) Dialysis machine
14 Haemodialysis Floor 3 2.87 Engineering and heavy chair
Room (D/1-4) Judgment )
oad.
Floor 1 Table 4.3-1
15 | Delivery Room 2,87 (Operating -
(G/1-4)
rooms)
Floor 2 Table 4.3-1 Same as
16 | Recovery Room (A/1-4) 1,92 (Patient rooms) | inpatient care.
Note the weight
17 | Isolation Room | 109" 3 1,92 Table 4.3-1 of the insulation
(B/5-9) (Patient rooms)
wall.
General/Specialist | Floor 1 (G- Table 4.3-1 Add partition
181 Outpatient Clinic | H) 24 (Offices) load +0.72
utpatie C ces N/,
Mandatory:
Check the
19 | Dental Clinic Floor 1 (H) | 2,4 ;fgt;flie 4;_1 centred load of
ces the dental chair
(13.35 kN).
C | SERVICE & SUPPORT AREA
Cooking
20 Commercial Floor 2 718 Table 4.3-1 equipment &
Kitchen (H/10-13) ’ (Kitchens) heavy logistics
loads.
Dynamic
21 | Laundry 51{(;(1)8_21 3) 7,18 ?Iil:llligrfe_sl) washing machine
loads (Impact).
Weight of
Floors 2 & ASCE 7-22 mortuary
22 | Mortuary 3 (D/1-4) 6 (Morgue) refrigerators and
stone tables.
Dense medicine
23 | Pharmacy fé??(r)_ll 3) 4,79 gg?(i?egt shelves. 25%
& earthquake mass.
.. . Add partition
24 Administration Floors 2,3 | 2.4 Table 4.3-1 weight +0.72
Room / Office (Offices) 1N/

Author: Yoda Karunia Kuntoro, B.Eng.




46

Evenly
Floor | pystributed Standard Additional
No Room Category / | Location Living References Information &
Function (Grid Expenses (SNI 1727:2020 Requirements
Reference) (LL) [KN/m?] / ASCE 7-22)
Panels and
. Judgment transformers.
o5 | ME/Electrical | g Floor | 7,18 (Machine 100% earthquake
Room
Room) mass of
equipment.
Equivalent to the
26 | Toilet Each Floor | 2,4 Table 4.3-1 weight of the
(Restrooms)
floor served.
27 | Storage Room Floors 2, | ¢ Table 4.3-1 gisdlﬁ:r;lloals nl (g
g 4-10 (Light Storage) BISHCS
storage.
D | ROOF & OTHER
Maintenance
Concrete Roof Table 4.3-1
28 (Flat Roof) Roof 1,5 (Roof) + Rain access & flood
prevention.
Lift Machine Table 4.3-1 Plus 100% shock
29 Room Roof 7,18 (Elevator) factor.

5.2.11 Conclusion

The load planning for Catenary Hospital in Palu has been carried out using a rigorous
analytical approach, prioritising user safety and the operational sustainability of the building
after a disaster. The load values adopted not only meet the minimum thresholds of SNI
1727:2020 and ASCE 7-22, but have also been adjusted (increased) in critical areas such as
the Radiology Room, Kitchen, Laundry, and Mortuary to accommodate specific heavy
equipment loads. The use of a corridor load of 4.79 kN/m? on the ground floor and an
unreduced staircase load ensures the safety of evacuation routes. All load values in the
summary table above are ready to be used as basic inputs in 3-dimensional structural analysis
to produce a building design that is sturdy, efficient, and responsive to earthquake risks in the

Palu region.

5.3 Rain Load (Lr)

Rain load (Lr) is calculated in accordance with SNI 1727:2020, especially for flat roofs
or roofs with the possibility of water pooling due to obstructed drainage systems. For sloped
roofs on this building, the risk of water pooling is very low. For flat roofs, it is assumed that

the drainage system is well designed. Therefore, rain load is not a controlling design load, but
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it is still included in the load combination according to the standard. The minimum rain load

considered is 0.96 kN/m?.

54 Wind Load (W)

Wind load analysis was performed using the Directional Procedure for the Main Wind
Load Retention System (SPBAU) in accordance with Chapter 27 of SNI 1727:2020.
Considering the project location in Palu City and the building function as a Hospital (Risk
Category V), design parameters were set with an appropriate level of conservatism to ensure

the safety of the structure against extreme winds.

5.4.1 Basic Design Parameters

The input parameters used in this calculation are based on geographical data for the

project location in Palu City (Latitude -0.833333, Longitude 119.9) and the physical

characteristics of the building in Table 14.

Table 14 Basic Wind Load Design Parameters

. . . References (SNI
Parameters Notation Value / Description 1727:2020)

. . Palu City (Latitude: -0.833, .
Project Location - Longitude: 119.9) Project Data
Building Function - 10-storey "Catenary Hospital" Project Data
Basic Wind Speed \Y 40 m/s Assumpj[ ions for

Indonesia
Risk Category - IV (Essential Building/Hospital) | Table 1.5-1
Wind Direction Factor Kd 0.85 (Building) Table 26.6-1
Category C (Urban/suburban .

Exposure Category ] area with scattered obstacles) Article 26.7.3
Topography Factor Kzt 1.0 (Flat terrain) Article 26.8.2
Wind Effect Factor G 0.85 (Rigid structure) Article 26.11.1
Enclosure Classification | - Enclosed building Article 26.2
Internal Pressure .
Coefficient GCpi +0.18 Table 26.13-1
Building Height h 22.0 metres
Roof Type Flat roof
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Determination of the Pressure Velocity Exposure Coefficient (Kz)

The first step is to determine the Pressure Velocity Exposure Coefficient (Kz) at a roof height
of h =32 m. For Exposure C, parameters o = 9.5 and zg = 274.32 m are used in accordance
with Table 26.9-1:

Calculation of Kz value using the formula in Table 26.10-1 SNI 1727:2020:

2/a
Kz=2.01x (i)

Zg
Where to find Exposure C:
J a=9.5
. 7 =27432m
Therefore, for a roof height of z =32 m:

Kz=2.01 x( 32 )2/9'5 = 1.182

274.32

The Kz value of 1.182 will be used to calculate the velocity pressure at roof height (gh).
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WIND VELOCITY PROFILE - EXPOSURE CATEGORY C
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Figure 16 Illustration of Wind Speed Pressure Profile (Exposure C)

5.4.3 Calculation of Velocity Pressure (qz)

The velocity pressure is evaluated at height z (qz) or at the average roof height h (gh) using
Equation 26.10-1:
qz=0.613 x Kz x Kzt x Kd x V? (in N/m?)

Parameter value substitution:
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) V=40 m/s
° Kd=0.85
° Kzt=1.0

. Kz =1.29 (at roof height)
Therefore, the velocity pressure at roof height (qh) is:
gh=0.613x 1.182 x 1.0 x 0.85 x (40)* = 0.9837 kN/m?

The value of gh = 0.9837 kN/m? becomes the basis for wind energy, which will be multiplied
by the aerodynamic coefficient of the building to obtain the design load.

5.4.4 Determination of External Pressure Coefficient (Cp)

The external pressure coefficient (Cp) is determined based on the geometry of the building
and the direction of the wind relative to the building surface, with reference to Figure 27.3-1
SNI 1727:2020. Building geometry data:

J Building Length (L): 54.00 m

o Building Width (B): 32.00 m

. L/B Ratio: 40/24 = 1.6875

5.4.4.1 Walls

The Cp value for vertical walls is as follows:
1.  Windward Wall
o For all values L/B, Cp = 1.6875
2. Leeward Wall
o Depends on the L/B ratio in the direction of the wind being observed.
o If the wind is perpendicular to the 54 m side (L=54, B=32, L/B=1.6875): Cp = -
0.5
o If the wind is perpendicular to the 32 m side (L=54, B=32, L/B=1.6875)
Interpolate between -0.5 and -0.3. Since L/B > 1.0, take the conservative value or
the value according to the table. For L/B = 1.6875, the Cp value is = -0.37
(however, generally a minimum of -0.5 is taken for the safety of the main
structure). In the analysis, -0.5 is used as the safety margin value.
3. Side Walls
o For all directions, Cp =-0.7
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5.4.4.2 Flat Roof

Since h/L = 32/54 = 0.6875 (where h/L > 0.5), the roof is divided into pressure zones
based on the distance from the edge of the windward side of the roof. Table 15 below contains
data on the division of roof zones based on distance from the edge, as well as the external

pressure coefficient Cp values for uplift/suction on flat roofs.

Table 15 External Pressure Coefficient

Roof Zone Distance from the edge (m) Cp (Uplift)
Zone 1 (Edge/Corner) | 0 to h/2 (0 - 11 m) -0.9
Zone 2 (Centre) h/2toh (11 - 22 m) -0.9
Zone 3 (Far) h to 2h (22 - 40 m) -0.5

Note: A negative Cp value indicates uplift away from the roof surface.

5.4.5 Design Wind Pressure Calculation (P)

The design wind pressure for the Main Wind Load Retention System (SPBAU) of rigid
buildings is calculated using the equation:

P=qxGxCp-qixGCpi

Di mana:

J q = qh (1.08 kN/m?) for leeward walls, side walls, and roofs.

o q = qz for windward walls (varies with height), but for conservatism in the initial design,
gh = 1.08 kN/m? is used.

o G =0.85.

o GCpi = 0.18 (Both conditions were reviewed to obtain the most critical effect).
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Figure 17 Wind Pressure Distribution Pattern on Walls and Flat Roofs

Author: Yoda Karunia Kuntoro, B.Eng.



Walls

Windward

52

Combination with Internal Pressure (-) for maximum results (+)

P=0.98(0.85)(0.8) - 0.98(-0.18)
P=0.666 +0.176
P =+0.84 kN/m? (Pressure)

Leeward

Combination with Internal Pressure (+) for maximum suction (-)

P=0.98(0.85)(-0.37) - 0.98(+0.18)
P=-0.308-0.176

P =-0.48 kN/m? (suction)

Side Walls

P=0.98(0.85)(-0.7) - 0.98(+0.18)
P=-0.583-0.176

P =-0.76 kN/m? (suction)

Flat Roof

1.

Edge & Central Zone (0 - 22m)
Critical zone for uplift, C, =-0.9

P =0.98(0.85)(-0.9) - 0.98(+0.18)
P=-0.750-0.176

P =-0.93 kN/m? (Uplift Maximum)
Remote Zone (> 22m)

Cp=-05

P =0.98(0.85)(-0.5) - 0.98(+0.18)
P=-0.417-0.176

P =-0.59 kN/m? (Uplift)

5.4.6 Summary of Final Wind Load

Based on the above calculations, Table 16 below summarises the design wind loads applied

to the structural modelling of the 10-storey Catenary Hospital in Palu.
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. o Design Load Applications in
Element Location Force Direction (P) ETABS
Front Wall (Windward) | Lressure (Towards 10.84 kN/m2 | Shell Load
Surface) (Pressure)
Rear Wall (Leeward) Suction (Away from -0.48 kN/m? Shell ‘Load
Surface) (Suction)
Side Wall Suction (Away from 076 KN/m? Shell 'Load
Surface) (Suction)
oy ROOTDEEK O iy (Lift Upwards) | -0.93 kNim? | Shell Load (Uplify
o ROOTPE Uit (Lift Upwards) | -0.59 k/m?® | Shell Load (Uplift)

5.5 Earthquake Analysis Methods

Given that this building has 10 floors (height > 40 m) and is classified as KDS E, the

analysis method that must be used in accordance with SNI 1726:2019 is Response Spectrum

Analysis. This method is capable of capturing the contribution of several structural vibration

modes in determining the total response to the design earthquake.
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CHAPTER VI
LOAD COMBINATION

To ensure the structure is safe against various possible loading scenarios, analysis and design

are carried out using a combination of factored loads in accordance with applicable standards.

6.1 Basic Load Combination (SNI 2847:2019)

This combination is used for the design of structural elements against gravity and wind loads.
1. 14D

2 1.2D+1.6L+0.5(Lr)

3 1.2D+1.6(Lr)+1.0L

4.  1.2D+1.0W+1.0L+0.5(Lr)

5 0.9D+1.0W

Where:

. D =Dead Load (DL + SIDL)
o L =Live Load

o Lr = Rain Load

J W = Wind Load

6.2 Combination of Loading with Seismic Load Effects (SNI 1726:2019)

This combination is specifically used for seismic load design. Seismic load, E, is defined
as Eh + Ev, where the vertical seismic effect Ev = (0.2)*(Sps)*(D). The horizontal earthquake
effect, Eh, must take into account the orthogonal effect (combination of X-direction and Y-
direction earthquake forces) and the redundancy factor, p. For SMF in Seismic Design
Category D (based on SD1 value = 0.8 > 0.2), the value of p = 1.3.

Based on the above definition and referring to SNI 1726:2019 Article 7.3.3, the
combination of primary load-bearing forces involving seismic effects (including and ) is

defined as follows (Sps = 0.8 and p = 1.3):

6.2.1 Combination of Main Earthquake Loads (Maximum Gravity)

Formula: (1.2+0.2SDS)D+pEh+1.0L=1.342D+1.3Eh+1.0L
Because Eh encompasses orthogonal effects and positive-negative directions, this

combination is broken down into several specific load cases:
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Combo la: 1.342D+1.3(Ex+0.3Ey)+1.0L
Combo 1b: 1.342D—1.3(Ex+0.3Ey)+1.0L
Combo lc: 1.342D+1.3(0.3Ex+Ey)+1.0L
Combo 1d: 1.342D—1.3(0.3Ex+Ey)+1.0L
Combo le: 1.342D+1.3(Ex—0.3Ey)+1.0L
Combo 1f: 1.342D—1.3(Ex—0.3Ey)+1.0L
Combo 1g: 1.342D+1.3(—=0.3Ex+Ey)+1.0L
Combo 1h: 1.342D—1.3(-0.3Ex+Ey)+1.0L

55

6.2.2 Combination of Main Earthquake Loads (Minimum Gravity)

Formula: (0.9—-0.2SDS)D+pEh=0.758D+1.3Eh

This combination is used to check stability and uplift conditions.

Combo 2a: 0.758D+1.3(Ex+0.3Ey)
Combo 2b: 0.758D—1.3(Ex+0.3Ey)
Combo 2c¢: 0.758D+1.3(0.3Ex+Ey)
Combo 2d: 0.758D—1.3(0.3Ex+Ey)
Combo 2e: 0.758D+1.3(Ex—0.3Ey)
Combo 2f: 0.758D—1.3(Ex—0.3Ey)
Combo 2g: 0.758D+1.3(—0.3Ex+Ey)
Combo 2h: 0.758D—1.3(—0.3Ex+Ey)
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CHAPTER VII
STRUCTURAL MODELLING AND ANALYSIS

7.1 Description of the 3D Structural Model

The building structure was modelled in three dimensions (3D) using ETABS software.
This model includes all primary structural elements, including columns, main beams,
secondary beams, and floor slabs, with dimensions and material properties as specified in

Chapter 2. 3D modelling enables accurate analysis of the structure's global response to gravity

and lateral loads, including interactions between elements.
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Figure 18 Isometric View of 3D Structural Model in ETABS

This model integrates all the main elements: columns (vertical lines), main and
secondary beams (horizontal lines), and floor slabs and shear walls (area elements). Different
colours represent different cross-sectional properties. Through this 3D model, the global

behaviour of the structure—such as vibration modes, shear force distribution, and torsion
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effects—can be accurately simulated. This visualisation confirms the complexity of the

Special Moment Frame (SMF) structural system applied to ensure the stability of this 10-

storey building against lateral earthquake and wind loads.

7.2

Modelling Assumptions and Criteria

The following assumptions were applied in the creation of the analysis model:

7.3

Beam and column elements are modelled as one-dimensional frame elements with
cross-section properties that represent axial, flexural, and shear stiffness.

Plate elements are modelled as thin shell elements with membrane behaviour. This
assumption means that slabs only serve to transfer gravitational loads to the beam
system and their flexural stiffness contribution in resisting lateral loads is not taken into
account.

Floor diaphragms at each floor level, including stair slabs and roofs, are modelled as
semi-rigid diaphragms. This choice fundamentally affects the distribution of lateral
forces to vertical elements. Unlike the rigid diaphragm assumption (perfectly rigid), the
semi-rigid model explicitly accounts for the in-plane stiffness of the concrete slab. This
results in a more realistic distribution of shear forces and torsional moments in the SMF
system, especially in building plans that are not perfectly symmetrical or have large
openings.

The base supports of the structure are assumed to rest on rigid foundations. Therefore,
the supports at the base of all columns at the foundation level are modelled as Fixed
Supports, which resist translation and rotation in all directions.

The structural mass used for dynamic analysis (modal and seismic) is calculated based
on the combination: 1.0 x Dead Load (DL + SIDL) + (0.25) x (LL). In accordance with
common practice, the mass of live loads is not included, except in specific areas such

as warehouses.

Capital Analysis

A modal analysis of the Catenary Hospital building structure was conducted to identify

the natural dynamic behaviour of the structure, including its natural vibration period (T),

frequency, and mode shapes. These parameters are crucial in determining the magnitude of

the base earthquake force that will be distributed throughout the structural elements in

accordance with SNI 1726:2019.
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7.3.1 Vibration Period and Structural Form Variations

The natural vibration period of a structure (T) represents the time required for the
structure to complete one full vibration cycle. Based on the results of Eigenvalue analysis
using ETABS software, the vibration period and frequency characteristics for the first 30

modes reviewed were obtained. A summary of the vibration period and frequency results for

the structure is presented in full in Table 17 below:

Table 17 Structure Vibration Period and Natural Frequency

Case Mode Period | Frequency | CircFreq | Eigenvalue
sec cyc/sec rad/sec rad*/sec?

Modal |1 0,863 1,159 7,2814 53,019
Modal |2 0,806 1,24 7,7932 60,7337
Modal |3 0,533 1,875 11,78 138,7678
Modal |4 0,27 3,702 | 23,2606 541,0556
Modal |5 0,256 3,899 | 24,4967 600,0878
Modal |6 0,17 5,891 | 37,0117 | 1369,8628
Modal |7 0,157 6,351 39,902 | 1592,1699
Modal | 8 0,152 6,578 | 41,3282 1708,018
Modal |9 0,128 7,785 | 48,9126 | 2392,4465
Modal | 10 0,113 8,822 55,429 | 3072,3716
Modal |11 0,11 9,006 | 57,1542 | 3266,6048
Modal | 12 0,108 9,299 | 58,4279 | 3413,8138
Modal |13 0,096 10,468 | 65,7737 | 4326,1821
Modal | 14 0,089 11,257 | 70,7316 | 5002,9549
Modal | 15 0,086 11,623 | 73,0279 | 5333,0782
Modal | 16 0,082 12,18 | 76,5305 | 5856,9111
Modal | 17 0,081 12,414 | 77,9972 | 6083,5675
Modal | 18 0,075 13,389 | 84,1234 | 7076,7462
Modal | 19 0,071 14,153 | 88,9277 | 7908,1321
Modal | 20 0,066 15,075 | 94,7221 | 8972,2701
Modal |21 0,065 15,449 | 97,0659 | 9421,7819
Modal |22 0,059 17,047 | 107,112 11472,97
Modal |23 0,056 17,852 112,17 | 12582,143
Modal |24 0,055 18,334 | 115,198 | 13270,499
Modal |25 0,054 18,427 115,78 | 13405,019
Modal | 26 0,053 18,78 | 117,997 | 13923,387
Modal | 27 0,053 19,019 | 119,498 | 14279,847
Modal | 28 0,052 19,403 121,91 | 14862,005
Modal | 29 0,05 20,201 | 126,925 | 16109,826
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Case Mode Period | Frequency | CircFreq | Eigenvalue
sec cyc/sec rad/sec rad?/sec?
Modal | 30 0,049 20,282 | 127,435 | 16239,562
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Based on the data in Table 17, the structural behaviour is dominated by the first three
modes of motion, which have the longest periods. Mode 1 has a fundamental natural vibration
period (T1) of 0.863 seconds. This value represents the degree of flexibility of the structure
in the direction of its weak axis. Mode 2 has a period of 0.806 seconds, which is relatively
close to Mode 1, indicating that the stiffness of the structure in both orthogonal directions (X
and Y) is fairly balanced, although there is a slight difference in stiffness.

An important characteristic is seen in Mode 3 with a period of 0.533 seconds. The
significant decrease in period value from Mode 2 to Mode 3 (a difference of approximately
0.273 seconds) indicates a clear separation between the translational motion mode and the
torsional motion mode. This is structurally advantageous because the torsional mode period
is much smaller than the fundamental translational mode period (Ttorsion < Ttranstation), indicating
that the structure has sufficient torsional stiffness to withstand the rotational forces caused by
the eccentricity of the earthquake load.

These vibration period values will then be used as input in calculating the seismic base
shear force (V) and checking the inter-storey drift, as well as ensuring that the structure is not
too rigid (too short a period which increases earthquake forces) or too flexible (too long a

period which increases deformation).

7.3.2 Modal Participating Mass Ratios

In accordance with SNI 1726:2019 Article 7.9.1, the analysis must include a sufficient
number of varieties to ensure that the combined mass participation is at least 90% (0.90) of
the actual mass in each orthogonal horizontal direction (UX and UY). This mass participation
analysis aims to validate that the structural model has captured the majority of the building's
inertial response to earthquakes. Table 18 below presents the static mass participation ratio

(UX, UY, RZ) and its cumulative ratio (Sum UX, Sum UY) for each vibration mode.

Table 18 Mass Participation Ratio

Mode UX UY RZ SumUX | SumUY
1 0,3432 0,2958 | 0,1066 | 0,3432 | 0,2958
2 0,2349 0,4425| 0,0583 | 0,5782| 0,7383
3 0,1599 0,0003 0,538 0,7381 | 0,7386
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Mode UX UY RZ SumUX | SumUY
4 0,0309 0,079 | 0,0101 0,769 | 0,8176
5 0,0624 0,0438 | 0,0202 | 0,8314 | 0,8614
6 0,0362 0,0002 | 0,1056 | 0,8676 | 0,8617
7 0,0001 0,0348 | 3,5E-05 | 0,8677 | 0,8965
8 0,0276 0,0001 | 0,0094 | 0,8953 | 0,8966
9 0,0044 | 0,00002802 | 0,0067 | 0,8997 | 0,8966
10 0,0069 0,0008 | 0,0149 | 0,9066 | 0,8974
11 0,0011 0,019 3E-06 | 09077 | 09164
12 0,0123 0,0003 | 0,0055 0,92 | 09167
13 0,0007 0,0001 | 0,0006 | 0,9208 | 0,9168
14 0,0068 | 0,00003484 | 0,0209 | 0,9275 | 0,9169
15 0,0001 0,0004 | 0,0001 | 0,9276 | 0,9173
16 0,0033 0,0068 | 5,8E-07 | 0,9309 | 0,9241
17 0,0041 0,006 | 0,0039 | 09351 | 0,9301
18 0,0002 0,0018 | 0,0025| 0,9353 | 0,9319
19 0,0016 0,0001 | 0,0099 | 0,9369 0,932
20 0,0006 0,0038 | 5,3E-06 | 0,9375| 0,9358
21 0,0053 0,0006 | 0,0002 | 0,9427 | 0,9364
22 0,0008 0,0001 | 0,0019 | 0,9435| 0,9364
23 0,0001 0] 0,0012 ] 0,9436 | 0,9364
24 0,0003 0,0037 | 0,0019 0,944 | 0,9401
25 2,647E-05 0,0006 | 0,0061 0,944 | 0,9407
26 0,0029 0,0004 0] 0,9469 | 0,9412
27 4,515E-05 0,0002 | 3,2E-05| 0,9469 | 0,9414
28 0,0002 0,0024 | 0,0001 | 0,9471 | 0,9438
29 2,288E-05 | 4,507E-06 | 0,0001 | 0,9471 | 0,9438
30 0,0004 | 3,945E-06 | 0,0021 | 0,9475| 0,9438
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For the record, UX, UY, and RZ are individual mass participation ratios; Sum UX and

Sum UY are cumulative ratios. From Table 18, an evaluation can be made of the dominant

direction of structural movement in the initial varieties:
I.  Mode 1 (T=0.863 s) has a mass participation of 34.32% in the X direction (UX) and
29.58% in the Y direction (UY). These fairly balanced values, with a slight dominance

in the X direction, indicate that the structure experiences diagonal translational motion

or coupled mode due to the eccentricity of the centre of mass and stiffness, but the main

direction is oriented to the X axis.

2. Mode 2 (T=0.806 s) is dominated by mass participation in the Y direction (UY) of

44.25%. This confirms that the second mode is the dominant Y-direction translational

mode.
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3. Mode 3 (T=0.533 s) has a very dominant rotational mass participation (RZ) of 53.80%,
while its horizontal translation is relatively small (UX = 16%, UY = 0%). This confirms
that Mode 3 is purely a torsional mode. The placement of the torsional mode in third
place (after two translational modes) is an indicator of a good structural configuration
and meets the expected seismic design principles..

The evaluation of the fulfilment of the cumulative mass participation requirement of 90% is

carried out by reviewing the Sum UX and Sum UY columns.

J In Mode 8, cumulative mass participation in the Y direction (Sum UY) has reached
90.36%, meeting the minimum requirement of 90%.

. In Mode 14, cumulative mass participation in the X direction (Sum UX) reached
92.75%, while in the Y direction (Sum UY) it increased to 91.69%.

Thus, the structural analysis of the Catenary Hospital building requires a minimum of

14 modes to meet the requirements of SNI 1726:2019 Article 7.9.1, where the total

participating mass has exceeded 90% in both orthogonal directions. In this analysis, 30 modes

were used (as seen in the input data), so the results of the force and deformation analysis
obtained are considered valid and representative of the actual dynamic behaviour of the

structure.

7.4 Structural Irregularity Analysis

The structure was evaluated against the criteria for horizontal irregularity (Table 10) and
vertical irregularity (Table 11) of SNI 1726:2019 to identify potential complex seismic

behaviour.

7.4.1 Horizontal Irregularities
7.4.1.1 Torque Irregularity Analysis (Types 1a and 1b)
7.4.1.1.1 Analysis of X-Direction Torque Irregularities

A torsional irregularity analysis in the X-direction was conducted to verify the structural
behavior of the Catenary Hospital Building under the influence of the design earthquake
loads, specifically to detect rotational concentrations in the floor diaphragms. According to
SNI 1726:2019 Article 7.8.4.3, torsional irregularity is defined as occurring when the

maximum inter-story drift (6,,,x) at one end of the structure exceeds 1.2 times the average
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inter-story drift (5avg) at that level. This evaluation is crucial given the project's location in
Palu City, which has a high seismic risk, where torsional response can trigger failure of
perimeter vertical elements if not anticipated with appropriate amplification factors. The
examination was conducted by reviewing the displacement output at the center of mass and
the outer corners of the floor plan for each level..

Based on the results of the displacement data extraction from the ETABS model, the
behavior of the diaphragms in the X-direction shows a wide variation in response from the
roof level to the ground floor. At upper levels, such as the Rooftop Rooftop to the 9th Floor,
the structure tends to behave in pure translational behavior with a displacement ratio still
below the threshold of 1.2. For example, on the Rooftop Rooftop Rooftop, with an average
displacement of 2,303 mm, the torsion ratio was recorded at 1.15, indicating that the structure
is still torsionally regular. However, from the 8th Floor to the 5th Floor, an increase in the
displacement ratio was detected, exceeding 1.2 but remaining below 1.4. This condition
classifies these floors as experiencing Type la Torsional Irregularity. This phenomenon
requires the application of a torsion amplification factor (Ax) in the calculation of unexpected
eccentricities to ensure that seismic force-resisting elements are designed with adequate
capacity to withstand additional torsional forces.

Table 19 below summarizes the results of the X-direction torsional irregularity

calculations, where the average deviation (8,y,) is taken from the story drift analysis data,

2
and the Ax value is calculated using the equation Ax = (@j;‘—;;@) for the floor experiencing
irregularities:
Table 19 Results of Calculation of X-Direction Torque Irregularity
Average Maximum Rasio Irregularity Torque
Floor Deviation deviation (dmax Status Amplification
(davg) [mm] | (dmax) [mm] | /davg) Factor (Ax)

Roof Slab | 2,303 2,648 1,15 Beraturan 1

Floor 10 | 2,722 3,185 1,17 Beraturan 1

Floor 9 3,136 3,732 1,19 Beraturan 1

Floor 8 3,463 4,259 1,23 Torsi Tipe 1a | 1,05

Floor 7 3,746 4,645 1,24 Torsi Tipe 1a | 1,07

Floor 6 4,005 4,926 1,23 Torsi Tipe 1a | 1,05

Floor 5 4,201 5,125 1,22 Torsi Tipe 1a | 1,03

Floor 4 4,32 5,098 1,18 Beraturan 1

Floor 3 4,115 4,732 1,15 Beraturan 1

Floor 2 3,502 3,922 1,12 Beraturan 1

Floor 1 2,105 2,21 1,05 Beraturan 1
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The calculations in Table 19 show that Type 1a Torsional Irregularity occurs locally in
the central area of the building (Floors 5 to 8). The existence of this irregularity has significant
implications for the design procedures of the Catenary Hospital structure. First, in accordance
with the provisions of SNI 1726:2019 for Seismic Design Category (KDS) D or higher
applicable in Palu, the design forces for diaphragm connections to vertical elements and
collectors must be increased by 25% on floors experiencing these irregularities. This aims to
prevent the failure of inertia force transfer from the floor slab to the shear wall or frame due
to excessive rotation.

In addition, the torque amplification factor (Ax) value obtained, with a maximum value
of 1.07 on Floor 7, must be applied in the structural reanalysis. The accidental eccentricity of
5% of the building width originally used in the static earthquake load model and response
spectrum must be multiplied by this Ax factor on the relevant floors. The application of Ax
will effectively increase the design torque moment, so that the shear and torsion reinforcement
in the perimeter beams and boundary elements in the shear walls will undergo a more
conservative capacity adjustment. Fortunately, no Excessive Torsion Irregularity (Type 1b)
was found where the ratio exceeded 1.4. The absence of Type 1b is highly advantageous as it
prevents the structure from being prohibited from using certain earthquake resistance systems
in KDS D, and ensures better structural stability without the need for drastic architectural
configuration changes.

Overall, despite indications of Type la torsional irregularity in the middle floor zone,
the structure still meets the performance criteria permitted by earthquake regulations,
provided that torsional load amplification is applied. The use of 3D analysis in this ETABS
modelling also complies with SNI mandates for structures with torsional irregularities,
ensuring that the distribution of spatial stiffness forces is accurately accommodated compared

to 2D planar analysis.

7.4.1.1.2 Analysis of Y-Direction Torque Irregularities

An analysis of torsional irregularity in the transverse direction (Y-direction) was
conducted to evaluate the response of the 10-storey Catenary Hospital building structure to
the design earthquake load. This evaluation refers to the provisions of SNI 1726:2019 Table
13, in which torsional irregularities are classified into two types: Torsional Irregularity (Type

la) and Excessive Torsional Irregularity (Type 1b). This examination is crucial given the
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curved "catenary" geometry of the building plan, which has the potential to trigger mass
eccentricity relative to the centre of stiffness, which can increase shear forces on vertical
elements on the outer sides of the building.

The analysis procedure was carried out by reviewing the inter-storey drift (story drift)
resulting from the equivalent static earthquake load case in the Y direction (Load Case: Ey)
with a design eccentricity of 5% orthogonal to the axis of review. Based on the structural
analysis output using ETABS software, the average inter-storey deflection (8,,5) and
maximum inter-storey deflection (8,,,5) data were extracted for each floor level. The ratio
between the maximum deflection and the average deflection was then calculated to determine

the existence of irregularities.

In accordance with SNI 1726:2019 Article 7.8.4.3, if the torque ratio (Smax) exceeds 1.2,

Savg
the structure is categorised as having Type la torsional irregularity. In this condition, the
design torque moment must be increased by multiplying it by the Torque Amplification Factor
(Ax). However, if the ratio exceeds 1.4, the structure experiences excessive torsional
irregularity (Type 1b), which requires a review of the structural system if the building is in
Seismic Design Category (SDC) E or F, as is the case with the project location in Palu City.

The formula for calculating the Torque Amplification Factor (Ax) is as follows:
2
1
A — max
* ((szsavg))

Where the value of Ax does not need to be greater than 3.0 (1.0 < Ax < 3.0). The
following is a tabulation of the calculation results and torque irregularity checks for the Y

direction based on the structural analysis output data.:

Table 20 Checking Torque Irregularities and Y-Direction Amplification Factors

Floor Average Maximum Torque Irregu- Required
Drift Aavg | Drift Amax Ratio larity Amplification
(mm) (mm) Amax/Aavg Status Factor (Ax)
Roof Deck | 2.816 3.238 1.15 Teratur 1.00
Floor 10 3.617 4.268 1.18 Teratur 1.00
Floor 9 4.426 5.355 1.21 Tipe 1a 1.02
Floor 8 4.820 5.880 1.22 Tipe 1a 1.03
Floor 7 5.103 6.277 1.23 Tipe 1a 1.05
Floor 6 5.250 6.510 1.24 Tipe 1a 1.07
Floor 5 5.310 6.638 1.25 Tipe 1a 1.09
Floor 4 5.150 6.438 1.25 Tipe 1a 1.09
Floor 3 4.850 5.966 1.23 Tipe 1a 1.05
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Floor Average Maximum Torque Irregu- Required
Drift Aavg | Drift Amax Ratio larity Amplification
(mm) (mm) Amax/Aavg Status Factor (Ax)
Floor 2 4.200 5.040 1.20 Teratur 1.00
Floor 1 2.900 3.335 1.15 Teratur 1.00

Based on the calculations presented in Table 20 above, it can be seen that the behaviour
of the Catenary Hospital building structure in the Y direction shows a significant torsional
response on the middle floors. At the top of the building, namely the roof deck and the 10th
floor, the torsion ratio is still below the threshold of 1.2, indicating that the structural stiffness
on these floors is fairly uniform or that mass eccentricity is not dominant. Similarly, on the
ground floors (Floors 1 and 2), the high lateral stiffness of the shear wall elements in the
podium successfully suppressed excessive rotation.

However, from the 3rd to the 9th floors, the maximum deviation ratio to the average
detected exceeded the limit of 1.2, with a peak ratio value of 1.25 occurring on the 4th and
5th floors. This confirms the existence of Type 1a Torsional Irregularity in the central zone of
the building. This phenomenon is most likely caused by the Catenary curved floor plan
configuration, which causes the centre of mass to shift from the centre of stiffness as the
building height increases, as well as the distribution of perimeter column stiffness that is not
completely symmetrical to the Y-axis. Although Type 1a irregularity was detected, no floors
were found to have a ratio exceeding 1.4, so the structure is free from the classification of
Excessive Torsional Irregularity (Type 1b), which is prohibited for KDS D, E, and F.

The technical implications of these findings require the application of the Torque
Amplification Factor (Ax) in subsequent design calculations. As calculated in the last column
of the table, the Ax value varies between 1.02 and 1.09 on floors that experience irregularities.
The maximum Ax value of 1.09 will be applied to increase the accidental eccentricity in the
structural re-analysis. This step is taken to ensure that the earthquake-resistant elements,
especially those on the outer sides of the building, have sufficient capacity to withstand
additional shear forces due to torsional effects that may exceed the standard static eccentricity
prediction of 5%.

In addition to load amplification, the existence of this torsional irregularity confirms
that structural modelling must be carried out in full three dimensions (3D), as has been applied
in this ETABS model. The lateral force analysis procedure must also comply with the
provisions of SNI 1726:2019 Article 7.3.3.4, which requires a 25% increase in design force

for diaphragm connections to vertical elements and collectors on floors experiencing
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irregularities. This aims to ensure that the integrity of the load path is maintained during strong
earthquakes that trigger diaphragm rotation.

Analysis of Y-direction torsional irregularity concluded that the structure of the
Catenary Hospital building experienced Type 1a Torsional Irregularity on Floors 3 to 9 with
a maximum torsional ratio of 1.25. No Excessive Torsional Irregularity (Type 1b) was found.
Therefore, in accordance with SNI 1726:2019, further structural analysis must involve a
Torsional Amplification Factor (Ax) with a maximum value of 1.09 applied to the eccentricity
of the seismic load to ensure the safety of vertical elements and diaphragm connections

against the effects of building rotation.

7.4.1.2 Analysis of Internal Angular Irregularities (Type 2)

The analysis of horizontal irregularities in the structure of the 10-storey "Catenary
Hospital" building focuses on identifying re-entrant corner irregularities, classified as Type 2
in SNI 1726:2019. Based on the provisions of Table 13 of SNI 1726:2019, this irregularity is
defined as occurring when the projection of the structure outside the inner corner is greater
than 15% of the plan dimensions of the structure in the specified direction. Given that the
Catenary Hospital floor plan has a significant "T" shaped geometric configuration, this
analysis is crucial to verify the potential stress concentration at the corners where the building
masses meet and the rotational behaviour of the diaphragm when subjected to lateral seismic
loads. This evaluation is based entirely on the geometric data listed in the architectural and
structural Working Drawing Documents, specifically in the Column Beam Plan and Floor 2
to Roof Slab Plan.

The first step in this analysis is to map the global geometry of the building to determine
the total dimensions and projection dimensions on the two main orthogonal axes of the
building. Based on the floor plan, the main structure of Catenary Hospital extends along the
X-axis from Grid 1 to Grid 13 and along the Y-axis from Grid A to Grid I. The total dimensions
of the building along the X-axis (Lx) are calculated based on the sum of the spans between
grids, namely the distance from Grid 1 to Grid 13, which is 54.0 metres. Meanwhile, the total
dimensions of the building in the Y-axis direction (Ly) are calculated from Grid A to Grid 1,
resulting in a total length of 32.0 metres. The "T" shape configuration is formed by the
intersection of the "Upper Wing" (Flange) which extends horizontally along Grids A to D, and
the "Body" (Web) which protrudes vertically downwards from Grids D to I between Grids 4
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and 10. Critical re-entrant corners are identified at the intersection of Grid D-4 (left corner)
and Grid D-10 (right corner).

The projection ratio calculation for the X-axis direction is performed by reviewing the
length of the left and right wings that protrude from the main body of the building. The left
wing is formed from Grid 1 to Grid 4. Based on the dimensions in the working drawing, the
length of this projection (px, left) is the sum of the spans of Grid 1-2 (6.0 m), Grid 2-3 (6.0
m), and Grid 3-4 (4.0 m), for a total of 16.0 metres. The right wing is formed from Grid 10 to
Grid 13, with a projection length (px, right) equal to the sum of the spans of Grid 10-11 (4.0
m), Grid 11-12 (4.0 m), and Grid 12-13 (6.0 m), resulting in a total of 14.0 metres. Irregularity
evaluation is performed by comparing these projections to the total X-direction dimension
(Lx = 54.0 m). The ratio for the left wing is 16.0 / 54.0, equivalent to 29.63%, while the ratio
for the right wing is 14.0 / 54.0, equivalent to 25.93%. Both values significantly exceed the
15% threshold set by SNI 1726:2019, indicating the presence of geometric irregularities in
the X direction.

Next, an analysis was conducted on the Y-axis to review the projection of the building
body (web) against the total depth of the building. The part of the building body that protrudes
downward starts from the re-entrant corner line at Grid D to Grid I. Based on the working
drawing, the length of the Y-direction projection (py) covers the spans of Grid D-E, E-F, F-G,
G-H, and H-I, each of which is 4.0 metres apart. The total length of this vertical projection is
5 segments multiplied by 4.0 metres, equal to 20.0 metres. This dimension is then compared
to the total building dimension in the Y direction (Ly) of 32.0 metres. The calculation results
show a ratio of 20.0 / 32.0 or 62.50%. This value far exceeds the tolerance limit of 15%,
confirming that the "T" shape of the Catenary Hospital has a very dominant characteristic of
internal angular irregularity in the Y direction.

The technical implications of identifying Type 2 Horizontal Irregularity in both main
directions of this building require the application of stricter seismic design requirements. The
presence of "notches" or inward angles in Grid D-4 and Grid D-10 will cause a concentration
of tensile and compressive forces on the diaphragm collector elements (chords) in that area
due to the "flapping" oscillatory motion of the building wings during an earthquake. In
accordance with Article 7.3.3.4 of SNI 1726:2019, due to the confirmed Type 2 irregularity,
the design forces for the diaphragm connections to the vertical elements and to the collectors
must be increased by 25% from the standard analysis forces. Additionally, structural

modelling in ETABS software must be performed in 3D to capture the complex dynamic
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behaviour resulting from this geometry, and the verification of inter-storey drift must account
for unexpected torsional effects amplified by the irregular floor plan geometry.

The following is a summary of the verification calculations for angular irregularity
based on the dimensions from the working drawings:

Table 21 Summary of the Results of the Analysis of Angular Irregularities

Projection Total Floor SNI
. rojech Plan Ratio .. | Irregularity
Review Parameters | Dimensions | .. . Permit
Dimensions | (p/L) .. Status
P) (L) Limits
X Direction  (Left | 16 54,0 m 29,63% | > 15% | 12
Wing) (Irregular)
X Direction  (Right | 144 54,0 m 25,03% | > 15% | 12
Wing) (Irregular)
Y Direction 0 o, | YA
(Body/Tail) 20,0 m 32,0 m 62,50% [ >15% (Irregular)
Ly = 54m
Py kiri Px kanan
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T4 : : : ! i 7 : :
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Figure 19 Plan View Irregularity

7.4.1.3 Analysis of Diaphragm Discontinuity Irregularities (Type 3)

Analysis of diaphragm discontinuity irregularities (Type 3) is carried out to ensure the
integrity of floor slabs in distributing seismic forces to vertical seismic load-bearing elements
(columns and shear walls). Based on SNI 1726:2019 Table 13, this irregularity is considered

to occur if there is a sudden variation in diaphragm stiffness, or if the area of the opening
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(void) in the floor slab exceeds 50% of the gross area of the surrounding diaphragm. This
evaluation is crucial for the Catenary Hospital building, given the building's function as a
healthcare facility that demands optimal structural performance, as well as the presence of
vertical openings for lifts, emergency stairs, and patient ramps.

To verify this, we reviewed the floor plans for floors 2 to 10. These floors were selected
based on the typicality of the structural plan, which is uniform throughout the height of the
main building, so that the analysis of one typical floor will represent the conditions of the
other floors. The basic geometric shape of the structural plan is asymmetrical, resembling the
letter "T" with main grid dimensions of 6.0 metres and 4.0 metres.

The first step is to calculate the Gross Diaphragm Area (Agros). Based on the working
drawings, the floor plan consists of two main mass segments. The first segment is a horizontal
beam that extends from Grid 1 to Grid 13 with a width from Grid A to Grid D. The total length
of this segment is the accumulation of the spans between grids (two 6m spans and ten 4m
spans) of 58 metres, with a width of 12 metres (3 spans x 4m). The second segment is a vertical
beam that protrudes from Grid 4 to Grid 10 and extends downwards from Grid D to Grid L.
This segment has a width of 24 metres (6 spans x 4m) and a length of 20 metres (5 spans x
4m). Thus, the gross area of the diaphragm is calculated by adding the two segments, resulting
in a total enclosed floor area of 1,176 m>.

The next step is to identify and calculate the opening area (Aopen). Based on the Floor
Plan, the main structural openings are used for vertical transport routes and mechanical shafts.
These openings are identified in the following areas:

1.  Passenger Lift Area and Emergency Stairs (Left): Located on Grid 1-2 and Grid A-C.

This area has an effective opening dimension of approximately 6 m x 8 m.

2. Central Staircase Area: Located on Grid 4-5 and Grid A-B. This staircase opening area

has dimensions of approximately 4 m x 4 m.

3. Patient Lift and Ramp Area (Right): Located on Grid 12-13. This area accommodates a
patient lift and a void for a stretcher circulation ramp, with an estimated total opening

in the grid area of approximately 6 m x 8 m.

4. MEP Shaft: There are several small openings for shafts in the toilet and corridor areas,
but cumulatively their area is relatively small compared to the main openings.

By adding up all of these significant void areas, the total opening area on a typical floor
is estimated to be 112 m?. This figure is taken with the conservative assumption that all slab

panels in the lift and stairwell areas are fully open.
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After obtaining these two area parameters, the ratio of the opening area to the gross
diaphragm area can be calculated. The calculation results show that the ratio of the opening
area (Aopen) to the gross area (Agros) is 112 m? divided by 1,176 m?, which yields an opening
percentage of 9.52%. This value is then compared to the permit limit required by SNI
1726:2019, which is 50%.

Based on this comparison, it is clear that the percentage of openings in the floor
diaphragm of the Catenary Hospital Building (9.52%) is still well below the specified
threshold (50%). This indicates that the floor slab still has sufficient mass to act as a rigid
diaphragm or semi-rigid diaphragm without experiencing a drastic reduction in stiffness due
to the openings. In addition, a review of the opening pattern shows that the voids are
distributed at the ends of the building and in the central area, which is connected to strong
main beam (Beams 400x600), so that the transfer of inertial forces from the slab to the lateral
load-bearing elements (such as the shear wall in the core lift and the main columns) is not
interrupted.

Furthermore, the analysis of stiffness continuity between floors also shows no
significant changes of more than 50% from one level to the next, given that the structural
plans from Floor 2 to Floor 10 are typical (identical). Therefore, this structure is assessed to
have consistent diaphragm behaviour and is capable of distributing shear forces well.

Based on area calculations and geometric evaluations referring to SNI 1726:2019 Table
13, it can be concluded that the structure of the 10-storey "Catenary Hospital" building does
NOT EXPERIENCE Diaphragm Discontinuity Irregularities (Type 3). The openings in the
floor slabs only cover approximately 9.52% of the total area, well below the maximum limit
of 50%, so the diaphragm can be categorised as intact and capable of effectively transferring

seismic forces.

7.4.1.4 Analysis of Transverse Shift Irregularities (Type 4)

Analysis of irregularities in transverse displacement relative to the plane (Type 4 Out-
of-Plane Offset Irregularity) is a critical step in evaluating the structural behaviour of the 10-
storey Catenary Hospital building in Palu City, given the building's location in an area with
high seismic intensity. Based on SNI 1726:2019 Article 7.3.2.1 and Table 13, this irregularity
is defined as occurring when there is discontinuity in the lateral force path, such as out-of-
plane offset in vertical elements that resist seismic forces. This evaluation aims to ensure that

all inertial forces arising from the design earthquake can be transmitted completely and
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directly from the floor diaphragm to the foundation without experiencing excessive local
stress or failure in the transfer elements.

A comprehensive review was conducted of the structural geometry based on
architectural and structural working drawings that had been modelled in ETABS software.
The main focus of the analysis was on the vertical continuity of the main seismic force
resistance system, which in this building consisted of shear walls and Special Moment Frame
(SMF) main structural columns. This Type 4 irregularity is highly undesirable in the design
of Category IV risk buildings (hospitals) in Palu City, as load path discontinuities can trigger
failure of the diaphragm or the columns below it due to shear forces and overturning moments
that are not distributed linearly.

Based on the results of an inspection of the structural plans from the 1st floor to the roof
(10th floor), it was identified that all shear wall elements were consistently placed on the same
grid axis throughout the height of the building. No shear walls were found to stop at a certain
floor and then shift their axis position on the floor below. All corewall lifts and emergency
stairs are continuous from the base level to the roof level without any horizontal translation
or geometric offset that interrupts the vertical load path. This indicates that the lateral stiffness
of the structure is distributed evenly without any shear force surges on certain floor diaphragm
elements due to the transfer of loads between non-collinear vertical elements.

Further analysis was conducted on the column elements. An examination of the main
structural grid revealed that all structural columns stand perpendicular and continuous from
the foundation to the roof beams. There are no columns resting on beams (floating columns)
or columns experiencing significant axis shifts that could be categorised as transverse offsets.
The architectural design of the Catenary Hospital has been synchronised with structural
requirements so that both gravitational loads and lateral earthquake loads are transferred
directly (direct load path). This consistency is crucial to ensure that plastic hinges form on the
beams (beam sway mechanism) and not on the columns or fragile transfer elements.

Verification of the requirements in Table 13 of SNI 1726:2019 confirms that the
"Catenary Hospital" structure does not have any irregularities in transverse displacement
relative to the plane. Since this Type 4 irregularity was not found, the structure is not subject
to penalties in the form of increased seismic design forces on the diaphragm connecting
elements or load-bearing columns. Thus, the additional strength factor (€2_0) used in the load
combination still refers to the standard value of the selected structural system without the need

for additional amplification due to geometric discontinuities. This provides greater safety
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assurance for hospital operations after an earthquake, in accordance with the performance

targets for risk category IV buildings.

Based on the geometric evaluation and load flow analysis conducted on the structural
model of the "Catenary Hospital" building, the following conclusions can be drawn:

1. All elements that resist vertical seismic forces, including shear walls and SMF columns,
are designed to be continuous from the ground floor to the roof floor without any
transverse axis offset.

2. The load path of seismic forces is identified as a direct path, where the shear forces are
transmitted directly to the foundation without passing through significant horizontal
transfer elements.

3.  Based on the criteria of SNI 1726:2019 Table 13, the structure is declared to have NO
Transverse Displacement Irregularity (Type 4).

4.  The design consequence is that there is no need to apply special load amplification to
diaphragm elements or columns related to this irregularity, so the applied design is

considered efficient and safe..

Seismic Force Path _
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Main Column

Figure 20 Load Path

7.4.1.5 Analysis of Non-parallel System Irregularities (Type 5)

In the process of designing an earthquake-resistant structure for the Catenary Hospital
(10 floors) in Palu City, evaluating the geometric configuration of the structure plays a crucial

role in determining the appropriate analysis procedure. One vital aspect reviewed at this stage
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is the potential for Type 5 Horizontal Irregularity, also known as Non-parallel System
Irregularity. Based on SNI 1726:2019 Article 7.3.2.1 and Table 13, this irregularity is
considered to occur when vertical elements that resist seismic forces (such as columns, shear
walls, or bracing) are not parallel or symmetrical to the main orthogonal axes of the
earthquake-resistant system. The existence of this irregularity can trigger complex torsional
responses and uneven force distribution on structural elements due to the interaction of
seismic forces from various directions.

The review began with an analysis of the grid axis layout (grid lines) of the building as
stated in the architectural and structural working drawings. Based on in-depth observations of
the floor plans from the ground floor to the roof (referring to the working drawings), the grid
system of the Catenary Hospital building was arranged in a purely orthogonal pattern. The
numerical grid axes (Grid 1 to 13) extend consistently with a distance between main grids of
6.0 metres and secondary grids of 4.0 metres, while the alphabetical grid axes (Grid A to Grid
I) extend perpendicular to the numerical grid with a dominant distance of 4.0 metres. The
intersection of these two grid systems forms a precise 90-degree angle throughout the building
area, without any angle deviation or the use of radial or diagonal grids that could cause the
system to become non-parallel.

Further analysis focused on the orientation of the main lateral force-resisting elements,
namely the Moment-Resisting Frame System (MRFS) and Shear Walls. Referring to the Floor
2-4 Column Beam Plan and detail of Section A-A, it is clear that all structural columns (Types
K1, K2, K3, and KE) are positioned so that their strong and weak axes are parallel to the
global axes of the building (Axis X and Axis Y). There are no rotated columns with specific
angles deviating from the main axes. This ensures that the lateral stiffness contributed by the
columns will work effectively and predictably in the main orthogonal directions.

Similarly, shear walls are vital components in resisting lateral forces in this high-rise
building. Based on the Shearwall Reinforcement Details and typical floor plans, shear walls
are placed in the core area of the lifts and emergency staircases. The orientation of these shear
walls fully follows the orthogonal axes of the building. The flanges and webs of the shear
walls are parallel to both the X and Y grid axes. There are no shear walls installed at an angle
other than 0 or 90 degrees to the building's reference axis. This consistency of orientation is
maintained from the ground floor to the roof, so that the load path of seismic forces can be
distributed directly to the load-bearing elements without causing significant diagonal force

components that typically appear in non-parallel systems.
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To provide a quantitative overview of this examination, Table 22 below presents an

evaluation of the orientation of the main structural elements relative to the global reference

axis of the building:

Table 22 Evaluation of Non-parallel System Irregularities

Structural Main Axis Angle to Angle to .
. . the Parallelism .
Component | Orientation Global Description
. Global Status
s of Elements Axis X .
Y-axis
Grid 1-13
E}trr;éctural ?Cr;};t(;%?;?)l 0°/90° 90°/0° Ya perpendicular to
Grid A-1
Main . .
Columns ﬁfr?zlrglth 0°/90° |90°/0° |Ya ?L‘t’af[’;’éumns are
(K1, K2)
Edge Follows
Columns Allgned .Wlth 0°/90° 90°/0° Ya orthogonal
Main Grid perimeter
(KE)
geometry
In accordance
Shear Walls | Aligned with o o o/ no with Column
(Core Lift) Main Grid 0%/90 90°/0 Ya Block Plan (Page
9
. Aligned with o o o/ no Connects columns
Main Beams Main Grid 0°/90 90°/0 Ya orthogonally

The above evaluation results confirm that all vertical elements that resist seismic forces

in the Catenary Hospital Building are installed in parallel and symmetrically to the main
orthogonal axis. In structural modelling using ETABS software, this condition provides the
advantage of simplifying structural behaviour, where dominant translational vibration modes
(mode shapes) will occur in the main axis direction without being significantly mixed with
rotational modes due to element non-parallelism (coupled modes), even though the response
spectrum analysis is still performed in 3 dimensions (CQC) in accordance with standard
provisions.

It should be noted that although the building plan has variations (rectangular on the
ground floor and forming a "T" shape on the 4th floor and above, as shown on page 8 of the
working drawings), this is categorised as an internal angular irregularity (Type 2), not a non-
parallel system irregularity. As long as the orientation of the element axes on the wings and
body of the "T" building remains consistent with the same Cartesian grid system, Type 5

irregularity does not occur. Therefore, design penalties or special analysis requirements
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mandated for non-parallel systems, such as the obligation to explicitly combine 100% of the
force in one direction with 30% of the perpendicular force on inclined elements (Section 7.5.3
SNI 1726:2019), is not a primary concern in the context of element orientation; however, the
orthogonal load combination procedure is still applied as standard design practice (Standard
Practice) for the structural safety of high-risk category buildings (Hospitals).

Based on a comprehensive analysis of the geometry and orientation of structural
elements in the Working Drawing of the Catenary Hospital Building, it can be concluded that
Type 5 Horizontal Irregularity (Non-parallel System Irregularity) WAS NOT FOUND.

The building structure fully utilises an orthogonal system in which all columns and
shear walls are oriented parallel to the main axes of the building. Thus, the structural analysis
can proceed with the assumption that the lateral force resistance system acts on clearly defined

main axes without any distortion due to skewed or non-parallel elements.

7.4.2 Vertical Irregularities

Vertical irregularity analysis was conducted to identify significant changes in the
physical characteristics of the structure—including stiffness, mass, geometry, and strength—
along the height of the building. This identification is crucial because the existence of vertical
irregularities can cause excessive force concentration or deformation on certain floors, which
could potentially trigger soft story or weak story collapse during a strong earthquake. Based
on the geometry and structural data of the 10-storey Catenary Hospital building, the following

is a detailed analysis of the five types of vertical irregularities:

7.4.2.1 Stiffness Irregularity Analysis (Types 1a and 1b)

An analysis of stiffness irregularities in the structure of Catenary Hospital was
conducted to verify the presence or absence of stiffness weakening concentrations at certain
levels that could potentially cause a soft story mechanism during an earthquake. Based on
SNI 1726:2019 Table 13, stiffness irregularities are divided into two main categories, namely
Soft Stiffness Irregularities (Type 1a) and Excessive Soft Stiffness Irregularities (Type 1b).

Type la irregularity is defined as occurring if the lateral stiffness of a level is less than
70% of the lateral stiffness of the level above it, or less than 80% of the average stiffness of
the three levels above it. Meanwhile, Type 1b irregularity occurs if the lateral stiffness of a
level is less than 60% of the stiffness of the level above it, or less than 70% of the average

stiffness of the three levels above it. This evaluation is carried out by reviewing the story
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stiffness values obtained from the ETABS computational analysis results in the main

orthogonal directions of the building (X-direction and Y-direction).

7.4.2.1.1 Evaluasi Kekakuan Arah X

The X-direction stiffness was examined by reviewing the lateral stiffness parameter

(Stiff X) on each floor. This stiffness data is extracted from the structural model analysis

output presented in detail in Table 23. The analysis is performed by comparing the stiffness

of floor i (ki) to the stiffness of the floor above it (ki+1) and to the average of the three floors

above it (Kavg).

Table 23 Evaluation of Irregularity of Stiffness in the X Direction

Lateral Stiffness Average of Ratio | Ratio Type 1a Type 1b
Floor stiffness (ki) Above It 3 Floors 1(ki | 2 (ki boundary | boundary Status
(N/m) (ki+1) Above (Kng) | ) | Tkane) (70% / (60% /
(kN/m) (kN/m) i ave 80%) 70%)
Roof
Deck 887.131,89 - - - - - - OK
Floor 10 | 1.845.611,25 | 887.131,89 - 2,08 - Aman Aman OK
Floor 9 2.335.622,07 | 1.845.611,25 | - 1,27 - Aman Aman OK
Floor 8 | 2.735.954,44 |2.335.622,07 | 1.689.455,07 | 1,17 | 1,62 | Aman Aman OK
Floor 7 | 3.111.288,38 | 2.735.954,44 | 2.305.729,25 | 1,14 | 135 | Aman Aman OK
Floor 6 | 3.097.716,40 | 3.111.288,38 | 2.727.621,63 | 1 1,14 | Aman Aman OK
Floor 5 | 2.925.129.47 | 3.097.716,40 | 2.981.653,07 | 0,94 | 0,98 | Aman Aman OK
Floor4 | 4.237.301,83 | 2.925.129,47 | 3.044.711,42 | 1,45 [ 139 | Aman Aman OK
Floor3 | 4.937.021,90 | 4.237.301,83 | 3.420.04923 | 1,17 | 1,44 | Aman Aman OK
Floor2 | 7.077.099,05 | 4.937.021,90 | 4.033.151,07 | 143 | 1,75 | Aman Aman OK
Floor 1 | 69.515.548,27 | 7.077.099,05 | 5.417.140,93 | 9.82 | 12,83 | Aman Aman OK
Comparative Lateral Stiffness Profile by Floor Elevation
Roof Deck 8 887,131.89
Floor 10 1.845.611.25
Floor 9 2,335.622.07
B Floor 8 2,735,954.44
23? Floor 7 1 3,111,288.38
=  Floor 6 1 3.097,716.40
S Floor 5 il 2,925,129.47
® " Floor4 4,237,301.83
Floor 3 4.937.021.90
Floor 2 7,077,099.05
Floor |
0 10,000,000 20,000,000 30,000,000 40,000,000 50,000,000 60,000,000 70,000.000

Lateral Stiffness Value (kN/m)
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Figure 21 Building Stiffness Bar Diagram in the X Direction

Based on the calculations in Table 23, the distribution of stiffness in the X direction
shows fairly regular structural behaviour. Although there is a slight decrease in stiffness on
Floor 5 (2,925,129 kN/m) compared to Floor 6 (3,097,716 kN/m), resulting in a ratio of 94%,
this value is still well above the soft irregularity threshold of 70%. In general, the structural
stiffness increases consistently from the upper floors to the ground floor. A very significant
increase in stiffness occurs on Floor 1, which is reasonable considering that Floor 1 is a
bearing area directly adjacent to the foundation or basement, which has very high lateral
stiffness due to the presence of retaining walls or confined shear walls, so it is not categorised
as a soft floor. Therefore, the building structure in the X direction is classified as having no

stiftness irregularity (Type 1a or 1b).

7.4.2.1.2 Evaluation of Y-Direction Stiffness

A similar examination was conducted for the Y direction using Stiff Y data. This
analysis is crucial considering that the structural response often differs on both principal axes
due to the configuration of vertical elements such as columns and shear walls, which may not
be symmetrical. The results of the stiffness ratio calculations for the Y direction are presented

in Table 24.

Table 24 Evaluation of Y-Direction Stiffness Irregularity

Lateral Stiffness Average of Ratio | Ratio Type la | Type 1b
Floor | stiffness (ki) | ~Povelt | 3Floors gl (i | boundary | boundary | o o
(kN/m) (ki+1) Above (Kavg) ki) | TKave) (70% / 60% /
(kN/m) (kN/m) ' e 80%) 70%)
Roof 1 42661858 |- : : . . . OK
Terrace
10th Floor | 1.077.243,49 | 426.618,58 | - 2,52 - Aman Aman OK
9th Floor 1.700.135,00 | 1.077.243,49 | - 1,58 - Aman Aman OK
8th Floor | 2.037.516,32 | 1.700.135,00 | 1.067.999,02 | 1,2 1,91 Aman Aman OK
7th Floor | 2.374.324,42 | 2.037.516,32 | 1.604.964,94 | 1,17 1,48 Aman Aman OK
6th Floor | 2.551.348,01 | 2.374.324,42 | 2.037.325,25 | 1,07 1,25 Aman Aman OK
5th Floor | 3.467.419,00 | 2.551.348,01 | 2.321.062,92 | 1,36 1,49 Aman Aman OK
4th Floor | 3.543.399,15 | 3.467.419,00 | 2.797.697,14 | 1,02 1,27 Aman Aman OK
3rd Floor | 4.804.251,72 | 3.543.399,15 | 3.187.388,72 | 1,36 1,51 Aman Aman OK
2nd Floor | 7.199.951,46 | 4.804.251,72 | 3.938.356,62 | 1,5 1,83 Aman Aman OK
Ist Floor | 43.647.262,66 | 7.199.951,46 | 5.182.534,11 | 6,06 8,42 Aman Aman OK
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Lateral Stiffness Profile by Floor Elevation

Roof Deck  §1426,618.58
Floor 10 1.077,243.49
Floor 9 1,700,135.00
o Floor8 2,037,516.32
% Floor 7 2,374,324.42
-E‘—J Floor 6 2,551,348.01
‘g Floor 5 3.467,419.00
= Floor 41 3,543,399.15
Floor 3 -4,804.251.72
Floor 2 7,199,951.46
Floor | 43,647,262.64
0 10,000,000 20,000,000 30,000,000 40,000,000

Stiffness Value (kN/m)
Figure 22 Y-Direction Building Rigidity Bar Diagram

The evaluation results in the Y direction show a pattern consistent with the X direction,
where no indication of softness was found. The stiffness values at each level are always
greater than or almost equal to the level above. The lowest ratio in the typical structure
transition zone (Floor 4 to Floor 3) still shows a ratio value above 1.0, indicating that the
structure becomes stiffer towards the bottom. The significant increase in stiffness on the lower
floors (Floors 1 and 2) provides a positive indication that the basic seismic shear force can be
transferred well to the foundation without the risk of excessive deformation on the ground
floor. Therefore, the building structure in the Y-direction is also declared to have no stiffness
irregularities (Type 1a and 1b).

Based on a comprehensive analysis of the story stiffness parameters of the 10-storey
Catenary Hospital building structure, it can be concluded that the structure has a good vertical
stiffness distribution and meets the requirements of SNI 1726:2019. All floors in both review
directions (X and Y) have a stiffness ratio well above the Type 1a (70%) and Type 1b (60%)
irregularity thresholds. Therefore, no model adjustments or additional special bracing
elements are required to mitigate the soft story issue, and the structural analysis can proceed

with the assumption of a regular structure in terms of vertical stiffness.

7.4.2.2 Analysis of Weight/Mass Irregularities (Type 2)

This analysis aims to evaluate the presence of type 2 vertical irregularity, namely Heavy

Irregularity (Mass), in the structure of the 10-storey "Catenary Hospital" building located in
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Palu City. This evaluation is based on the output of structural model analysis using ETABS
software, with reference to the provisions of SNI 1726:2019 standards on Procedures for
Earthquake Resistance Planning for Building and Non-Building Structures.

According to Table 13 of SNI 1726:2019, heavy irregularity (mass) is defined as
existing if the effective mass at any level is more than 150% (one and a half times) the
effective mass at the adjacent level. However, the standard also provides an explicit exception
that a roof that is lighter than the floor below it does not need to be reviewed. This review is
crucial considering that the building is located in Palu City, which has a high seismic risk,
where uneven mass distribution can cause dangerous inertial force concentrations on certain
floors.

Based on the extraction of Mass Summary by Story data from the structural model, the
effective seismic mass distribution (a combination of dead load and reduced live load
according to the mass source definition) for each floor is presented in this analysis. The data
shows significant mass variations between typical floors (Floors 4 to 10), podium or transition
floors (Floors 2 and 3), and ground floors (Floor 1). Table 25 below is a summary table of the

mass ratio calculations between floors to detect irregularities:

Table 25 Mass Irregularity Evaluation (Type 2)

Floor Effective Floor Load lﬁllt)l(?vzs Floor Mass l;ittlt(:“‘;ls Irregularity
(Story) | Mass (kg) Above (kg) (Mi/Mi+1) Below (kg) (Mi/Mi-1) Status
Roof 1 90623750 |- - 1.483.945,63 | 0,61 OK ~ (Roof

Exception)
Floor |} 1g3.04563 |906237.50 | 1.64 1.483.945,63 | 1 OK ~ (Roof
10 Exception)
Floor 9 | 1.483.945,63 | 1.483.94563 | 1 1.483.945,63 | 1 OK
Floor 8 | 1.483.945,63 | 1.483.94563 | 1 1.483.94563 | 1 OK
Floor 7 | 1.483.945,63 | 1.483.94563 | 1 1.483.945,63 | 1 OK
Floor 6 | 1.483.945,63 | 1.483.94563 | 1 1483.94563 | 1 OK
Floor 5 | 1.483.945,63 | 1.483.94563 | 1 1.483.94563 | 1 OK
Floor 4 | 1.483.945,63 | 1.483.94563 | 1 1.473.112,17 | 1,01 OK
Floor 3 | 1.473.112,17 | 1.483.945,63 | 0,99 1.478.863,37 | 1 OK
Floor 2 | 1.478.863,37 | 1.473.112,17 | 1 863.843,12 | 1,71 OK
Floorl | g63843,12 | 147886337 | 0,58 . . NoT Ok
(Irregular)

Based on the detailed calculations presented in Table 25, a comparative analysis of the

mass between floors reveals several characteristics of the mass behaviour of the Catenary

Hospital building.
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At the top of the structure, there is a significant difference in mass between the roof slab
(906,237.50 kg) and the 10th floor (1,483,945.63 kg). Mathematically, the mass of Floor 10
is approximately 164% of the mass of the Roof Deck. Although this value exceeds the
threshold of 150%, this condition is not categorised as a mass irregularity. This is based on
the exemption provisions in SNI 1726:2019, which states that mass differences due to a roof
being lighter than the floor below it do not need to be reviewed as irregularities. This reduction
in mass is logical considering the smaller live load of the roof and the absence of full partition
wall components, such as those found on the hospital residential floors below.

For typical floors from Floor 4 to Floor 10, the mass distribution appears very uniform
with a constant value of 1,483,945.63 kg. This indicates that the architectural and structural
configuration of these hospital floors is typical/the same, so that there are no sudden jumps in
inertial forces between floors. Similarly, in the transition from the 4th floor to the 3rd floor,
the change in mass is minimal (the ratio is close to 1.0), which indicates good structural system
continuity.

However, a critical mass irregularity was detected at the lower elevation, specifically in
the comparison between the 2nd and 1st floors. The effective mass of the 2nd floor was
recorded at 1,478,863.37 kg, while the mass of the 1st floor dropped dramatically to
863,843.12 kg. The ratio calculation shows that the mass of Floor 2 is 171% (1.71 times) that
of Floor 1. This value clearly exceeds the maximum permissible limit of 150% (1.5 times).

This condition indicates the presence of a Weight/Mass Irregularity (Type 2) on the
second floor relative to the first floor. The sharp decrease in mass on Floor 1 is most likely
caused by a reduction in effective floor plate area or a significant reduction in partition wall
load in the lobby or service area on the ground floor compared to the floors above, which
function fully as medical/inpatient areas.

The discovery of this Type 2 irregularity has consequences for the structural analysis
procedures that must be applied in accordance with SNI 1726:2019. As this building is located
in Palu City, which is classified as Seismic Design Category (SDC) D or E, the presence of
mass irregularities prohibits the use of the equivalent lateral force (static) procedure as the
primary analysis method, unless it is used solely for force scaling purposes.

Therefore, structural analysis of the Catenary Hospital building is mandatory and has
been carried out using Modal Response Spectrum Analysis or Time History Analysis
procedures. This is necessary to capture a more accurate distribution of shear forces due to
the mass surge on the second floor, which has the potential to become a soft story or stress

concentration area if not taken into account in the dynamic analysis. Based on the evaluation
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of the vertical mass distribution of the Catenary Hospital building, the following conclusions

can be drawn:

1. The building structure has a uniform mass distribution on the upper floors (Floors 3 to
10).

2. The difference in mass between the roof slab and Floor 10 meets the exemption criteria
of SNI 1726:2019, so it is not considered an irregularity.

3. There is a Weight/Mass Irregularity (Type 2) in the structure, triggered by the mass ratio
of Floor 2 to Floor 1 being 171%, exceeding the permitted limit of 150%.

4.  As a consequence of this irregularity, the structural design must (and has) utilise
dynamic analysis (Response Spectrum) to ensure that the distribution of vertical seismic

forces is safely accommodated in accordance with applicable standards..

Mass Profile by Floor Elevation

Roof Deck 906,237.5(1:
Floor 10 1,483,945.63
Floor 9 : 1,483,945.63
E Floor 8 1,483,945.63
°‘§ Floor 7 : 1,483,945.63

L

m  Floor6 1,483,945.63
§ Floor 5 : 1,483,945.63
Floor 4 1,483,945.63
Floor 3 : 1,473,112.17
Floor 2 1,478,863.37

Floor 1 863,843.12 i

0 500,000 1,000,000 1,500,000 2,000,000
Effective Mass (kg)

Figure 23 Mass per Floor Chart
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7.4.2.3 Analysis of Vertical Geometric Irregularities (Type 3)

An analysis of vertical geometric irregularities (Type 3) was conducted to review
changes in the horizontal dimensions of the earthquake resistance system at Catenary
Hospital. In accordance with SNI 1726:2019 Table 11, this irregularity is defined as occurring
if the horizontal dimensions of the seismic force restraint system at any level exceed 130% of
the dimensions of the adjacent level. This examination is crucial considering that the building
is located in Palu City, which has a high seismic risk, so the continuity of the vertical and
lateral load transfer paths must be guaranteed.

Based on a review of the working drawings (DED), specifically on Floor Plans 1 to 3
and Floor Plans 4-10, the structure of the Catenary Hospital Building has a configuration that
can be divided into two main segments:

1. Podium Structure (Floor 1 - Floor 3)

In this segment, the building occupies almost the entire available site area..

o X-direction (Horizontal): The structure spans from Grid 1 to Grid 13. The distance
between main grids varies between 4.0 metres and 6.0 metres. The total length of
the X-direction dimension is 54.0 metres.

o  Y-Direction (Vertical): The structure spans fully from Grid A to Grid I. The
distance between grids is 4.0 metres. The total width of the Y-direction dimension
is 32.0 metres..

2. Tower Structure (Floors 4 - 10 & Roof)

From the 4th floor upwards, there is a significant change in the floor plan, which takes

on a T-shape.

o X-direction (Horizontal)

The structure still has a left boundary element in Grid 1 and a right boundary in
Grid 13. Despite the reduction in floor mass, the outer dimensions (envelope) of
the lateral force resistance system (columns and edge beams) still reach a length
of 54.0 metres.

o Y-direction (Vertical):

. On the left wing (Grids 1-3) and right wing (Grids 11-13), the building only
occupies the area from Grid A to Grid D (12.0 metres wide).
. However, in the main body (central core) in Grid 4 to Grid 10, the building

retains its full width from Grid A to Grid I. Therefore, the total dimension
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of the Y-direction earthquake resistance system is still calculated at 32.0
metres.
The analysis was conducted by comparing the plan dimension L at each level (i) with
the level below it (i-1). The examination was conducted separately for the X and Y directions.

The following is a summary table of the horizontal dimension ratio calculations per floor:

Table 26 Evaluation of Vertical Geometric Irregularities (Type 3)
X-axis Ratio Y-axis Ratio

Floor Elevation dimension | Lx,i | dimension | Ly,i Irrggularlty
(m) (Lx) | /Axi-1| (Ly) |/Lyi-1 tatus
Floor 1 +0.00 54.0 m - 32.0m - -
Floor 2 +4.00 54.0 m 100% 32.0m 100% | Regular
Floor 3 +8.00 54.0 m 100% 32.0m 100% | Regular

Floor 4 +12.00 54.0 m 100% 32.0m 100% | Regular
Floor 5 +16.00 54.0 m 100% 32.0m 100% | Regular
Floor 6 | +20.00 54.0 m 100% 32.0m 100% | Regular
Floor 7 +24.00 54.0 m 100% 32.0m 100% | Regular
Floor 8 | +28.00 54.0 m 100% 32.0m 100% | Regular
Floor 9 +32.00 54.0 m 100% 32.0m 100% | Regular
Floor 10 | +36.00 54.0 m 100% 32.0m 100% | Regular
Roof +40.00 54.0 m 100% 32.0m 100% | Regular

Based on the calculations in Table 26, the analysis focuses on the transition between
Floor 3 (Podium) and Floor 4 (Tower), where there is a significant change in the floor plan
(from a full rectangle to a T-shape).

Visually, in the working drawing of Floor Plans 4-10, there is a reduction in floor area
(setback) in the lower left corner (Grid 1-3 / E-I) and lower right corner (Grid 11-13 / E-I).
The loss of this floor slab area significantly reduces the mass of the building. However, in the
context of Vertical Geometric Irregularity (Type 3), the parameters under review are the
horizontal dimensions of the lateral force resistance system, not the floor area.

1. X-Direction Review

The exterior beams and columns in Grid A and Grid I (in the central area) and Grid A

(in the wing area) are continuous from bottom to top. The total length of the building

from Grid 1 to Grid 13 remains the same, which is 54.0 metres on both floors. There are

no changes in lateral dimensions.
2. Y Direction Review
Although there was a reduction in the width of the building on the wings (Grids

1-3 and 11-13) from 32 metres to 12 metres, the main structure in the core (Grids 4-10)

Author: Yoda Karunia Kuntoro, B.Eng.



84

retained its full width of 32 metres. In accordance with SNI 1726:2019, the dimensions

taken for comparison are the total outer dimensions of the structural system that works

to withstand seismic forces at that level. Since the maximum width (Bmax) is still 32

metres, the dimension ratio is 32/32 = 1.0 or 100%, which is still well below the

permitted limit of 130%.

Based on the analysis of horizontal dimension calculations at each level of the Catenary
Hospital Building in accordance with the working drawings and SNI 1726:2019, it can be
concluded that: The structure of the Catenary Hospital Building DOES NOT EXPERIENCE
Vertical Geometric Irregularity (Type 3).

All floor-to-floor dimension ratios are 100%, which is less than the maximum limit of
130%. The structure is classified as Regular in the vertical geometry category, so no
earthquake load penalties or special analysis procedures related to this type of irregularity are

required.

7.4.2.4 Analysis of Discontinuities in the Direction of the Retaining Element Plane

(Type 4)

This analysis focuses on identifying potential Type 4 vertical irregularities, namely
Discontinuity Irregularities in Lateral Force Resisting Elements, as defined in SNI 1726:2019
Table 14. This irregularity occurs when there is an in-plane offset in lateral force resisting
elements (such as shear walls or moment frames) that is greater than the length of the element
itself, or when there is a reduction in stiffness in the resisting elements at the lower levels.

The evaluation was carried out by reviewing the consistency of the vertical load path of
the structural system of the Catenary Hospital Building (10 floors) based on the available
Architectural and Structural Working Drawing Documents. Based on a review of the Working
Drawings (Column Beam Plans and Shearwall Details), the Catenary Hospital building
structure system employs a dual system consisting of:

1. Special Moment Frame (SRMK): Consists of reinforced concrete beams and columns
distributed across the main grid of the building.
2. Shear Wall: Concentrated in the core area of the building, which functions as the main

support for lateral rigidity and stability of the building..

The main location of the vertical element (sliding wall) is identified at:

. Passenger Core Lift: Located in Grid 1-2 and Grid A-B.
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) Patient Core Lift: Located in Grid 12-13 and Grid A-B.

. Staircase Area: Integrated with the core lift area..

To determine the presence of Type 4 discontinuities, we performed vertical
superposition and comparison of the structural plans from the ground floor to the roof floor.
The analysis was carried out by examining the axis coordinates (grid lines) of the main vertical
elements.

1.  Review of Shear Walls

Based on Floor Plans 1 to 4-10, and confirmed by Sections A-A and B-B, the following

facts were discovered:

o The sliding wall on the left side (Grid 1-2) maintains its geometric position
consistently from elevation Z0 (+0.00) to Z1 (+33.00). There is no wall position
shift (offset) or sudden change in wall length in the direction of the plane.

. The shear wall on the right side (Grid 12-13) also shows complete vertical
continuity without any transfer beams or axis shifts.

o The thickness and length dimensions of the shear wall based on the Shearwall
Reinforcement Details are implemented uniformly for typical floors, ensuring that
there is no sudden extreme reduction in stiffness (stiffness discontinuity) that
could trigger Type 4 irregularities.

2. Review of Structural Columns

Analysis of the floor plans for floors 2 to 4 compared to the floor plans for floors 5 to 7

and floors 8 to 10 shows that:

J The main columns (K1 and K2) are located at fixed grid points.

. Columns K1 (700 x 700) and K2 (250 x 250) are arranged in a straight line from
bottom to top.

o No columns are found to be "hanging" or resting on transfer beams on a particular
floor, which would cause discontinuity in the vertical load path..

The following is a tabulation of the results of the examination of the main vertical elements

to detect Type 4 irregularities:

Table 27 Inspection of Irregularities in Field Direction Discontinuities (Type 4)
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Structural Gric.l Element Vertical. Position In-Plane Irrfgﬂfaii ty
Element Labels | Location Type Consistency Offset Status
Left SW-Core | 12/ A-B | 319" Sﬁfﬁfff“ﬁﬁif(f“ None (0 mm) | NONE
Right SW-Core | 213/ | Sl | Continuous t()l ' | None (0 mm) | NONE
R o e e e e
i e e e e e

Based on in-depth observations of the working drawings for Catenary Hospital in Palu
City, the structure of this building was designed with excellent vertical regularity. Type 4
Vertical Irregularity requires the presence of lateral force-resisting elements that are
disconnected or shifted horizontally at certain levels (for example, the shear wall on the
second floor is located on axis A, but on the first floor it is shifted to axis B).

In this building, all main vertical elements (columns and shear walls) extend
continuously from the foundation to the roof. "Section A-A" visually confirms that the
columns stand perpendicular without deviation. This indicates that the load path from the floor
diaphragm to the foundation is direct. The absence of transfer elements (such as transfer
beams supporting shear walls above them) eliminates the risk of local stress concentration
and the need for excessive ductility in these transfer elements.

In addition, the consistent "T" shape of the floor plan from the ground floor to the top
floor (with slight variations in room functions but still within the same structural grid)
minimises changes in rigidity in extreme areas. Based on an analysis of the architectural and
structural working drawings, it can be concluded that the structure of the 10-storey "Catenary
Hospital" building:

1. NO Type 4 Vertical Irregularity (Discontinuity in the Lateral Force Resisting Element

Plane).

2. Since this irregularity is not found, there is no need to apply a special design force
penalty (overstrength factor, Q0 0) for transfer elements, as transfer elements do not
exist in this structural system.

3. Structural analysis can proceed with the assumption of a continuous vertical load path.
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7.4.2.5 Analysis of Lateral Force Discontinuity / Weak Story (Types 5a and 5b)

This analysis aims to evaluate whether there is extreme lateral force discontinuity between

levels, often referred to as "Weak Story". Based on SNI 1726:2019 Table 13:

1. Type 5a (Lateral Strength Discontinuity), occurs if the lateral strength of a level is less

than 80% of the strength of the level above it.

2. Type 5b (Excessive Lateral Strength Discontinuity), occurs if the lateral strength of a

level is less than 65% of the strength of the level above it..

The lateral force level (Vn) is defined as the total nominal shear capacity of all earthquake-
resistant elements (columns and shear walls) in the direction under review. The analysis is

performed separately for columns and shear walls to obtain a comprehensive picture of

performance.

A.  Column Shear Capacity Analysis

The evaluation of column strength is based on ETABS "Concrete Column Shear
Envelope" output data, which presents shear reinforcement requirements (Av/s) and
design shear forces. The total nominal shear capacity (Vn,total) on each floor is
calculated by summing the nominal shear capacity (Vn) of all columns on that floor.

The nominal shear capacity of a single column (Vn) is calculated using the equation

SNI 2847:2019:

Vn=Vc+ Vs

Where:

Ve=0,17x Ax Vfcx bwx d (Kuat geser beton)

Av/s data is taken from the At Major/Minor column in the output file. The

following is a summary of the total lateral force calculations for each floor based on the

Avxfytxd
VSZ+

(Kuat geser tulangan).

design envelope data:

Table 28 Evaluation of Column Lateral Strength Irregularities (X & Y Directions)

Nominal Strength of | Strength
Direction | Total Shear the Floor Ratio Permit
Floor of Strength Above (Vn,story | Limits | Status
Review (Vn,story) (Vn,above) | /Vn,above | (80%)
(kN) (kN) )
Floor 6 X/Y 18.450,50 - - - N/A
Floor 5 X/Y 21.340,20 18.450,50 1,16 0,8 Regular
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Nominal Strength of | Strength

Direction | Total Shear the Floor Ratio Permit
Floor of Strength Above (Vn,story | Limits | Status

Review (Vn,story) (Vn,above) | /Vn,above | (80%)

(kN) (kN) )

Floor 4 X/Y 22.890,80 21.340,20 1,07 0,8 Regular
Floor 3 X/Y 38.650,40 22.890,80 1,69 0,8 Regular
Floor 2 X/Y 44.210,50 38.650,40 1,14 0,8 Regular
Floor 1 X/Y 48.560,20 44.210,50 1,1 0,8 Regular
Basement | X /Y 52.880,60 48.560,20 1,09 0,8 Regular

Based on a comprehensive review of the nominal shear capacity data for columns
presented in Table 28, the lateral strength profile of the column structure shows
excellent consistency across all building levels. In general, the total shear capacity on
each floor is always greater than that on the floor above it, as indicated by a consistent
strength ratio above 1.0. This indicates that the distribution of vertical element strength
has been designed proportionally in accordance with the accumulation of shear forces
that increase towards the base of the building, thereby ensuring the integrity of a safe
vertical load path.

An interesting phenomenon was observed in the transition between the 3rd and
4th floors, where there was a significant increase in the strength ratio, reaching 1.69.
This positive anomaly was a direct structural consequence of the building's architectural
configuration, which adopted a podium and tower typology. The 3rd floor is part of the
podium structure, which has a larger floor area and a much greater number of columns
compared to the 4th floor, which is the beginning of the tower structure. This drastic
increase in capacity is actually beneficial because it indicates substantial stiffening in
the load transfer area, rather than weakening. Thus, this condition definitively confirms

that there are no indications of weakness in the column elements.

Lateral Shear Wall Strength Analysis

The shear wall strength analysis focuses on the core wall (SW1) that extends
continuously from the foundation to the roof. Since the wall geometry (300 mm thick
and long body) is fixed/constant throughout the height of the building, the concrete
shear capacity (Vc) tends to be uniform. The variation in strength (Vn) is determined
by the configuration of the horizontal shear reinforcement installed.

Based on the Story Forces output, the shear force acting on the wall is distributed

proportionally to its stiffness. With the shear reinforcement design calculated based on
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the demand for shear force at each level (Vu), we can evaluate the strength ratio based

on the ratio of demand that has been met by the capacity.

Table 29 Evaluation of Irregularities in Lateral Shear Wall Strength

Wall. Shear _ | Floor Capacity | Strength Pe.r nflt
Floor Capacity (Vn = Above (kN) Ratio Limit Status
Vu/¢) (kN) (80%)
Floor 6 5.850 - - - N/A
Floor 5 7.240 5.850 1,24 0,8 Regular
Floor 4 8.150 7.240 1,13 0,8 Regular
Floor 3 12.450 8.150 1,53 0,8 Regular
Floor 2 15.800 12.450 1,27 0,8 Regular
Floor 1 18.200 15.800 1,15 0,8 Regular
Basement | 20.500 18.200 1,13 0,8 Regular

The evaluation of shear wall elements, particularly on the SW1 core wall, shows
a very stable and controlled distribution of forces from the roof to the foundation. As
summarised in Table 29, the shear walls are designed to maintain a consistent geometry
of 300 mm thickness and concrete strength f'c 35 MPa throughout the height of the
building. The variation in nominal shear capacity between floors is purely the result of
optimising the design of horizontal shear reinforcement, which is precisely adjusted to
the shear demand at each level.

The inter-level strength ratio analysis confirms that no floor has a lower shear
capacity than the floor above it. All strength ratios are recorded as greater than 1.0, with
the lowest value being 1.13 at the transition between Floor 4 and the Basement. This
trend validates that the shear walls have a progressively increasing strength reserve
towards the bottom, in line with the increase in cumulative seismic shear forces. This
consistency ensures that the mechanism of lateral force transfer through the shear walls
can take place effectively without the risk of premature shear failure at a certain level,
so that the structure is declared free from the potential formation of unexpected plastic

hinges due to weak levels.

Conclusion of Weak Story Analysis

Based on separate evaluations of the Column and Shear Wall components using internal
force data and actual reinforcement, it can be concluded that:

1. All levels in the 10-storey Catenary Hospital building structure have greater

lateral strength than the levels above them.
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2. No conditions were found where the strength of a level was less than 80% of the
strength of the level above it (Vn,1 < 0.8 Vn,i+1).
Thus, the structure is declared FREE from irregularities of Type 5a (Weak Level)
and Type 5b (Excessive Weak Level). The structure has good vertical integrity to
transfer seismic forces from the roof to the foundation without any weak points that

could potentially trigger story mechanism failure.

7.5 Base Shear Scaling
7.5.1 Introduction and Background Analysis

In the process of designing an earthquake-resistant structure for the 10-storey Catenary
Hospital located in Palu City, response spectrum analysis was used as the main method to
capture the behaviour of the structure against earthquake vibrations. Palu City, which is
located in a high seismic zone, requires strict compliance with the latest seismic design
standards, namely SNI 1726:2019. One of the critical parameters that must be verified in this
analysis is the base shear force.

Theoretically, the base shear force generated from response spectrum analysis (V dynamic)
often provides a smaller value than the base shear force calculated using the equivalent lateral
force or equivalent static force (Vsatic) procedure. This is because the mass participation and
natural period of the structure calculated computationally are often larger than the empirical
approach period limited by the Cu coefficient. Therefore, SNI 1726:2019 Article 7.9.1.4.1
requires the adjustment or scaling of dynamic force values if the analysis results show values
lower than the minimum limit allowed for static forces. This procedure is crucial to ensure
that structures are not designed with insufficient seismic forces (under-designed), thereby

guaranteeing the safety of patients, medical staff, and hospital operations post-earthquake.
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Comparison of Vstatic VS Vidynamic (Unscaled Concepts)

100% Minimum Boundary (100% Vataric)

100% ==

Value (Unscaled Concept)

Viratic (Unscaled) Viynamic (Unscaled)

Figure 24 Basic Shear Force Scaling Concept in accordance with SNI 1726:2019

7.5.2 Comparison of Static and Initial Dynamic Shear Forces

Based on the results of three-dimensional structural modelling using ETABS software,
base reaction data was extracted for the two main orthogonal directions of the building,
namely the X-direction and the Y-direction. Equivalent static force analysis was performed
by entering the seismic response coefficient (Cs) and effective seismic weight (W) parameters
of the building, while dynamic analysis was performed using the Palu region design spectrum
response function.

The results of the initial analysis showed a disparity in values between the static and
dynamic methods. In the X direction, the static shear force was recorded at 31,889.35 kN,
while the initial dynamic shear force only reached 16,413.97 kN. A similar pattern was found
in the Y direction, where the static shear force was 31,889.35 kN compared to the dynamic
shear force of 17,227.27 kN. The complete data comparing these shear forces is summarised

in detail in Table 31 below.

Table 30 Comparison of Static and Dynamic Basic Shear Forces (Initial)

Load Static Shear Dynamic Shear Ratio
Direction Force (Vstatic) Stress (Vdynamic) (Vaynamic/ Status
[kN] [kN] Vstatic)
X Direction | 31.889,35 16.413,97 51,47% Not yet fulfilled
Y Direction | 31.889,35 17.227,27 54,02% Not yet fulfilled
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Table 31 shows that the participation of pure dynamic seismic forces has not yet reached
100% of the equivalent static shear force. In the X direction, the participation ratio only
reaches 51.47%, and in the Y direction, it is 54.02%. Referring to the requirements of SNI
1726:2019, if the basic shear force (Vt) is less than 100% of the static shear force (V), then
the force must be multiplied by a scale factor to be equivalent to Vstatic. This indicates that
the 'Catenary Hospital' structure requires a scale factor correction on the dynamic earthquake

load input (Response Spectrum Load Case) to meet the minimum strength requirements.

7.5.3 Scale Factor Calculation

To meet the design requirements, a new multiplier factor must be calculated. This scale
factor serves to increase the dynamic seismic force to match the static shear force. The
calculation is performed separately for the X and Y directions, considering that the stiffness
and dynamic characteristics of the structure may differ on the two axes. The scale factor

correction calculation is based on the following comparison formula:
V .
SFbaru = —statik y SFlama

dinamik

The value obtained at present is the result of the initial scale factor (SF oq) which is
equal to (163!#. In the context of this correction, we are looking for the multiplier factor (k)

that must be multiplied by the current dynamic load.

X-Direction Scaling Analysis
In the X direction, the target force to be achieved is 31,889.3473 kN. With the current dynamic

force of 16,413.965 kN, the magnification factor calculation is as follows:

Vstatik,x _ 31.889,3473
Vdinamik,x 16.413,965

kx = ~ 1,9428

The calculation results show that the X-direction response spectrum earthquake force must be

increased by 1.9428 times from the current input in order to meet SNI safety standards.
Y-Direction Scaling Analysis

The same procedure is applied for the Y-direction. With a target force of 31,889.3473 kN and

an actual dynamic force of 17,227.2725 kN, the magnification factor calculation is:
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Vstatiky _ 31.889,3473
17.227,2725

ky =

B Vdinamik,y ~ 18511

The calculation results show that the Y-direction response spectrum earthquake force
requires an amplification of 1.8511 times the current input. The difference in scale factors
between the X and Y directions reflects the characteristics of the Catenary Hospital structure,
which has different lateral stiffnesses on its two main axes, but both still require significant

force amplification (almost double) to achieve the static design safety limit..

7.5.4 Verification of Scaling Results

After the new scale factors (kx and ky) were applied to the structural analysis load
combination, a re-run analysis was performed to verify whether the dynamic base shear forces
met the requirements. This verification step is important to ensure that there are no input errors
and that the structure has received the appropriate design earthquake load. The post-scaling
verification results show an increase in dynamic shear forces that are precise according to the
target. A summary of the final results of the base shear after scaling is presented in Table 30

below..

Table 31 Verify Basic Shear Force After Scaling

Parameters X-direction (kN) | Y direction (kN)
Static Shear Force (Vstatic) 31.889,35 31.889,35
Initial Dynamic Shear Force (Vaynamic, initiat) | 16.413,97 17.227,27
Correction Scale Factor 1,9428 1,8511
Final Dynamic Shear Force (Vdynamic, final) 31.889,35 31.889,35
Achievement Ratio 100,00% 100,00%
SNI 1726:2019 Compliance Status FULFILL FULFILL

Based on Table 30, it can be seen that the final dynamic shear force (Vdynamic, final)
s now equivalent to the static shear force in both orthogonal directions. With this 100% ratio
achieved, the structural analysis for the Catenary Hospital building has met the requirements
of Article 7.9.1.4.1 SNI 1726:2019. The internal forces (moments, shear, axial) generated
from the combination of earthquake loads can then be considered valid and safe for use in the
design stage of structural elements such as beams, columns, and shear walls.

This scaling ensures that even though the structure has flexibility that results in a long

natural vibration period, the design of earthquake-resistant elements still takes into account
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the minimum earthquake energy required by national earthquake regulations, especially for

the hospital building risk category (Risk Category IV) in strong earthquake areas such as Palu.
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CHAPTER VIII
STRUCTURAL PERFORMANCE ANALYSIS AND VERIFICATION

8.1 Introduction: Philosophy and Purpose of Performance Analysis

This chapter presents a comprehensive evaluation of the performance of the planned
10-storey Catenary Hospital structure. The main objective of this analysis is to quantitatively
verify that the structural design not only meets the minimum strength requirements to prevent
collapse, but also exhibits reliable and controlled behaviour under various anticipated load
levels throughout its service life. This evaluation framework is based on modern design
philosophy that refers to two fundamental limit states as mandated by Indonesian National
Standards (SNI) 2847:2019 and SNI 1726:2019. These two limit states are:

1. Serviceability Limit State (SLS)

Focusing on the aspects of occupant suitability and comfort under normal
operational loads (workloads without factors). Verification at this stage aims to ensure
that structural deformations, such as deflection and inter-floor displacement, are within
acceptable limits so as not to cause damage to architectural, non-structural, and
mechanical elements, and do not cause discomfort to building users.

2. Ultimate Limit State (ULS)

Focusing on life safety aspects and preventing structural collapse under extreme
loading scenarios (factored loads), particularly due to design earthquakes. Verification
at this stage aims to ensure that the structure has sufficient strength, ductility, and
stability to withstand ultimate loads without failure.

This performance analysis is crucial given that the structural system used is Special
Moment Frame (SMF) and the project location is in Seismic Design Category (SDC) "D".
The selection of SMF is not merely a preference, but a technical necessity that demands
superior performance. The design philosophy underlying SMF is to behave ductile during
strong earthquakes, where seismic energy dissipation occurs through the formation of
controlled plastic hinges in beam elements. This aims to protect column elements from brittle
damage and prevent fatal soft-story collapse mechanisms. Therefore, performance
verification in this chapter is not merely a check of numbers, but a confirmation that the
fundamental design philosophy has been achieved.

The scope of verification outlined in this chapter includes an evaluation of key

performance parameters, namely: control of flexible element deflection, control of inter-
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storey drift, global stability analysis of second-order effects (P-Delta), and verification of

ductile collapse mechanisms through the "Strong Column-Weak Beam" principle.

8.2 Verification of Serviceability Limit State (SLS) Performance
8.2.1 Service Inspection Criteria and Methodology

The Service Limit State (SLS) check aims to ensure that the building structure functions
as expected under normal conditions of use. The main focus of this inspection is to control
deformation (changes in shape) that could interfere with the function of the building, damage
non-structural components, or reduce aesthetic value. All analyses of these serviceability limit
states are carried out using a combination of service loads (unfactored), such as a combination
of 1.0D + 1.0L, to represent the most likely loading conditions that will occur regularly during
the life of the building.

8.2.2 Structural Element Deflection Control
8.2.2.1 Introduction and Significance of Service Control in Healthcare Facilities

In the ecosystem of high-rise building structural design, particularly for buildings with
vital functions such as hospitals, the design paradigm should not stop at meeting the ultimate
limit state to prevent collapse. The serviceability limit state plays an equally important role,
even in the context of daily operations, and is often a more dominant parameter in determining
user satisfaction and the sustainability of building functions. This subsection is dedicated to
conducting an in-depth, comprehensive, and systematic evaluation of the deflection behaviour
of horizontal structural elements—namely beams and floor slabs—in a 7-storey hospital
building designed using a Special Moment Frame (SMF).

Hospitals are structures with a high risk category (Risk Category IV according to SNI
1726:2019) that require much stricter performance standards than ordinary residential or
commercial buildings. The urgency of strict deflection control in these healthcare facilities is
based on several crucial technical and operational factors. First, the integrity of highly
sensitive non-structural elements. Modern hospitals are filled with medical gas installation
networks, complex air conditioning (HVAC) systems for operating and isolation rooms, and
sanitation piping systems that must operate without leaks. Excessive deflection in the

supporting structural elements can cause deformation in these installation lines, which can
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potentially trigger leaks, flow interruptions, or system failures that can endanger patient
safety.

Second, the operational requirements of advanced medical equipment. High-precision
diagnostic and medical equipment, such as Magnetic Resonance Imaging (MRI) machines,
Computerised Tomography (CT) Scans, neurosurgical microscopes, and robotic operating
tables, have very low tolerance for tilt and vibration. Floor deformation exceeding the micro
threshold can distort diagnostic imaging results or interfere with surgical equipment
calibration, ultimately impacting the quality of medical services. Therefore, floor slab rigidity
is not only measured from a visual safety perspective, but also from the functionality of the
equipment.

Third, psychological comfort and infection control. Cracks in partition walls—whether
they are lightweight brick, gypsum, or glass—caused by sagging support beams are not
merely an aesthetic issue. In a hospital environment, gaps or cracks in the walls of patient
rooms or sterile rooms can become breeding grounds for bacteria and fungi, which
compromise the nosocomial infection control system. In addition, the sense of security of
patients and medical staff can be compromised if there is perceptible vibration or visual
distortion of the ceiling and floor.

The analysis presented in this subsection is based on the results of numerical simulations
using finite element analysis (ETABS) structural analysis software. The data evaluated is the
output of joint displacements, which reflect the structure's response to the most critical load
combinations. The evaluation was carried out with strict reference to the provisions of SNI
2847:2019: Structural Concrete Requirements for Buildings, which is an adoption of the
international standard ACI 318-14, as well as the minimum load standard SNI 1727:2020. The
ultimate goal of this analysis is to verify that the cross-sectional dimensions and reinforcement
configuration that have been designed are not only strong enough to withstand seismic and
gravitational forces, but also have sufficient stiffness to ensure excellent service performance

throughout the building's design life.

8.2.2.2 Theoretical Basis and Normative Criteria of SNI 2847:2019

Before proceeding with numerical data analysis, it is essential to establish a theoretical
framework and normative constraints that serve as a basis for assessment. Deflection

behaviour in reinforced concrete is a complex phenomenon involving interactions between
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material properties (modulus of elasticity, creep, shrinkage), cross-sectional geometry

(moment of inertia), and the degree of concrete cracking due to tensile stress.

8.2.2.2.1 Deflection Mechanism in Reinforced Concrete Structures

Deflection in reinforced concrete beams and slabs does not occur in a perfectly linear
manner over time. There are two main components of deflection that must be taken into
account in accordance with SNI 2847:2019 Article 24.2:

1.  Immediate Deflection
This is elastic deformation that occurs immediately after the load is applied. The
amount of deflection depends heavily on the elastic modulus of concrete (Ec) and the
moment of inertia of the effective cross-section (Ie). Because concrete has low tensile
strength, concrete cross-sections often crack in areas of maximum moment. SNI

2847:2019 Clause 24.2.3.5 requires the use of effective moment of inertia (Ie) which

takes into account the transition from intact cross-section (Ig) to cracked cross-section

(Icr) as the factored moment (Ma) increases relative to the cracking moment (Mcr).

le = (%)3 Ig + [1 - (%)3] I,

In analyses using ETABS, this is often approached by using a stiffness modifier
(stiffness multiplier) on cross-section properties, for example 0.35 for beams and 0.25
for slabs, to simulate cracked cross-section conditions at ultimate load levels, or a larger
value for service load analysis.

2. Long-Term Deflection:

Concrete undergoes additional deformation over time due to creep under
continuous compressive loads and shrinkage due to water loss. SNI 2847:2019 Article
24.2.4.1 provides an empirical formula for calculating this additional long-term
deflection by multiplying the instantaneous deflection due to a constant load by the

factor A,:

_ &
1+50p/

A
Where ¢ is the time dependency factor and p' is the compression reinforcement
ratio in the cross-section. The presence of compression reinforcement (top
reinforcement in the field or bottom reinforcement at the support) is very effective in
reducing long-term deflection because the steel does not creep and progressively takes

over the compressive stress from the creeping concrete.
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8.2.2.2.2 Allowable Deflection Limits

The acceptance criteria for deflection are specified in Table 24.2.2 of SNI 2847:2019.
This table classifies deflection limits based on the type of structural element and the sensitivity
of the non-structural elements attached to it. For this hospital building, we have identified two
main relevant boundary conditions:
1.  Instantaneous deflection limit due to live load (L):
For flat floors that do not support sensitive non-structural elements, the limit is
1/360. This is a basic comfort criterion to prevent noticeable bouncy deflection when

walking.
£

AjjinL = 3¢5
2. Long-Term Total Deflection Limit:

These are the most critical and decisive criteria for hospitals. These criteria apply
to floors or roofs that rest on or are attached to non-structural elements that may be
damaged by significant deflection (such as brick walls, glass partitions, wall tiles, and
plasterboard ceilings). The deflection taken into account is part of the total deflection
that occurs after the installation of non-structural elements (i.e. long-term deflection due

to dead load + instantaneous deflection due to live load). The limit is £/480.

£
480

Ajjin. =
If non-structural elements are designed to be flexible (not easily damaged), the
limit can be relaxed to £/240. However, given the rigid and precise nature of medical
facilities, this analysis will use the conservative standard of 1/480 as the main reference

for verifying feasibility ("OK" or "Not OK").

8.2.2.2.3 Determination of Span Length (£) Reference

In this 10-storey structural model, the column grid varies to accommodate the
architectural requirements of inpatient rooms, corridors and waiting areas. Based on a review
of typical hospital floor plans, the main beam (girder) span generally ranges from 7,200 mm
to 8,400 mm. To ensure a conservative analysis that covers worst-case scenarios, the allowable
limit calculations will be based on the largest span identified in the structural system, which
is 8,000 mm. Thus, the numerical value of the allowable deflection limit is:

o Limit £/240 (Flexible Non-Structural Elements): 8000 / 240 = 33.33 mm
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. Limit £/360 (Instantaneous Live Load): 8000 / 360 = 22.22 mm
J Limit £/480 (Fragile/Sensitive Non-Structural Elements): 8000 / 480 = 16.67 mm
The figure of 16.67 mm will be the main benchmark in evaluating the safety of structures

against the risk of damage to architectural and mechanical elements.

8.2.2.3 Joint Displacement Data Analysis Methodology

The analysis was conducted by processing output data (database output) from ETABS
software. The data used was the "Joint Displacements" table with the .csv extension attached.
To ensure the validity and accuracy of the interpretation, the following methodology was
strictly applied:

1.  Load Combination Filtering:

The analysed data focuses on the Output Case "ENVELOPE" with Step Type
"Min". In the ETABS global coordinate convention, the positive Z-axis points upwards
(against gravity). Therefore, deflection or structural settlement due to gravitational loads
will have a negative value. The "Min" Step Type in the ENVELOPE case will take the
largest negative value (the largest absolute value in the downward direction) from all
load combinations in the envelope.

The use of ENVELOPE combinations (which usually include 1.2D + 1.6L or
earthquake combinations) for deflection checks is a very conservative approach.
Deflection standards are usually checked against service loads (D + L). If the structure
is proven to be safe under ENVELOPE loads (factored loads), then it can be ascertained
that the structure is much safer and stiffer under daily operational service loads.

2. Identification of Vertical Displacement Components (Uz)

The focus of the analysis is on the Uz data column (Z-direction displacement in mm).

This value represents the absolute displacement of the node relative to its initial position

(0,0,0) at the base.

3. Column Shortening Correction

It should be understood that the Uz value issued by ETABS is the total displacement

that includes two components:

o Component 1: Elastic axial shortening of the support columns under the floor

under review (elastic axial shortening).

o Component 2: Flexural deflection of beams or slabs relative to their column

supports.
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Relevant to the control of non-structural element damage and comfort is
Component 2 (Differential Deflection). A floor may drop 50 mm uniformly due to the
shortening of a tall building column, but if the floor remains flat, there will be no cracks
in the walls. Damage occurs if there is a difference in settlement between the mid-span
and the support.

Therefore, the methodology used to estimate the pure deflection of beams/slabs
(A_diff) is to calculate the difference between the maximum and minimum vertical
displacement on the same floor:

Adift = |UZmaksimum absolut — UZminimum absolut|per lantai

Agiff = UZtenganh bentang ~ UZtumpuan kolom

This approach provides an upper bound estimate of beam deflection, assuming
that the point with the smallest deflection is the most rigid column, and the point with
the largest deflection is the centre of the most flexible slab/beam span.

Statistical Data Validation:

The data is grouped based on the "Story" label (Floor). For each floor, descriptive
statistics are calculated: Minimum Value, Maximum Value, Average, and Standard
Deviation. This helps in identifying data anomalies or outliers that may indicate

modelling errors (e.g. unconnected nodes or instability).

8.2.2.4 Detailed Analysis of Vertical Displacement and Deflection per Floor

This section outlines the results of the vertical displacement data analysis for each floor

level of the hospital building, from the roof to the ground floor. The analysis was conducted

systematically to map the global and local deformation behaviour of the structure.

8.2.2.4.1 Roof Level Analysis

The roof deck is the highest level of the main structure exposed to environmental loads

(rain, wind) and live loads on the roof (maintenance, MEP). As the top floor, the roof deck

accumulates column shortening from all floors below it, so its absolute displacement value is

expected to be the largest. Based on the Joint Displacements table data, it is obtained that:

Maximum Vertical Displacement (Uz,min): -7.237 mm. This value occurs at Joint Label
459 (Unique Name 191). This location is identified as the midpoint of the roof slab or

roof beam span with the longest span.
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. Minimum Vertical Displacement (Uz,max): -1,976 mm. This value occurs at Joint Label
447 (Unique Name 106). This location is the meeting point with the main column or
shear wall (core wall) which has very high axial stiffness.

. Estimated Differential Deflection (Agiffroof)

Agitfroof = | -7.237 - (-1.976) | = 5.261 mm

This deflection value of 5,261 mm is compared to the permissible limit for flat roofs. Using

the 1/480 criterion (to protect brick parapets or roof installations):

Permit Limit = 16.67 mm

Check: 5.261 mm < 16.67 mm — OK

The roof structure utilises only about 31.5% of its permitted deflection capacity. This indicates

excellent rigidity, which is beneficial in preventing water ponding due to deflection that can

lead to roof leaks—a classic problem in hospital building maintenance.

8.2.2.4.2 Analysis of Upper Floor Levels (Floors 10, 9, 8, 7)

This group of floors (Floors 7 to 10) represents the upper-class inpatient zone or management

area. Analysis continues to be carried out on the existing data.

Table 32 Recapitulation of Vertical Movement on Upper Floors

Floor Min Joint | Location | Joint Max | Lokation | Agjsr Ratio Status
(Uz mm) Min (Uz mm) Max (mm) | vs (/480

f(l)oor 7301 gggel 11,940 g’;"gel 5361 |32% | OK

Floor 9 | -7.510 %?16);1 -1.871 %f'ggl 5639 |34% | OK

Floor 8 | -7.753 %;‘ZZI 11,767 %;"3’81 5986 |36% | OK

Floor 7 | -7.935 %;‘gfl -1.630 %21831 6.305 | 38% OK

An interesting and consistent trend can be observed: the Ayie value (beam deflection
indicator) gradually increases from Floor 10 (5.36 mm) to Floor 7 (6.30 mm). This
phenomenon can be explained by structural mechanics. On lower floors (Floor 7), the
cumulative load from earthquakes and gravity is greater, which may require beams of the
same dimensions to work harder, or a transition in stiffness. In addition, the absolute
displacement value at the support (Uz,max) becomes smaller (closer to 0) as it descends to

the lower floors because the length of the columns undergoing shortening becomes shorter.
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However, the relative deflection of the beams actually increases slightly, possibly because the
live load of a typical hospital floor (ward) is heavier than the roof load. Despite this increase,

the value of 6.305 mm is still well below the limit of 16.67 mm.

8.2.2.4.3 Analysis of Middle Floors (Floors 6, 5, 4, 3)

The middle floor zone is often a critical area for lateral load transfer. In hospitals, this
area may be used for intensive care units (ICUs), operating theatres (COTs), or laboratories,

which have heavy equipment loads and solid partition walls.

Table 33 Recapitulation of Vertical Movement on Middle Floors

Floor Min Joint | Location | Joint Max | Lokation | Ag;ss Ratio Status
(Uz mm) Min (Uz mm) Max (mm) | vs /480

Floor6 7951 | Tabel iag0 M2 Tea01 |30% | oK

Floor>lgesg | Mobel ase [N o4 |38 ok

Floord 020 |2 oo [T o001 |36% | ok

Floor3 lsgoo |20 omag [P 5051 |30% ok

The sixth floor recorded the largest differential deflection value in the entire building,
namely 6,491 mm. This is the "weakest point" in terms of relative vertical stiftness, but it still
performs very well (only 39% of the permit limit). The peak deflection on this floor may be
due to the floor plan configuration, which has continuous beams that resist large negative
moments, or the floor's high position, which still experiences sway effects but is subject to
full gravitational loads.

The decrease in deflection values on Floors 4 and 3 (to 6.0 mm and 5.0 mm) indicates
an increase in the stiffness of the lower structure. This is logical because the dimensions of
the columns and shear walls on the lower floors are usually larger to withstand the base shear
forces and cumulative axial loads, which indirectly provide stiffer fixity at the beam-column

connections, thereby reducing beam deflection.
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The podium floors (Floors 1 and 2) are typically public areas such as the lobby,

registration, emergency room, and pharmacy. These areas often have greater floor-to-floor

heights, but the beam spans may be shorter or supported by transfer beams.

Table 34 Recapitulation of Vertical Displacement of the Lower Floor

Floor Min Joint | Location | Joint Max | Lokation | Ag;ee Ratio vs Status
(Uz mm) Min (Uz mm) Max (mm) £/480
Floor 2 Label Label 0
-4.244 336 -0.446 315 3.798 | 23% OK
Floor 1 Label Label o
-1.103 904 -0.111 191 0.992 | 6% OK
Base 0.000 All 0.000 All 0.000 | 0% OK

On the first floor (Ground Floor), the maximum deflection recorded was only 0.99 mm.
This sub-millimetre value indicates almost perfect stiffness. This is reasonable because the
first floor structure was most likely designed as a slab on grade or a tie-beam system resting
directly on pile caps or very stiff short columns. There is no risk of discomfort or damage to
the partitions on this floor.

Meanwhile, at the base (foundation), the data shows a value of 0 at all degrees of
freedom. This confirms that the analysis model uses ideal fixed or pinned supports at the base,
without taking into account soil settlement. This assumption is valid as long as the bearing
capacity of the soil and the design of the bored pile or spun pile foundation have been
calculated to minimise settlement. If the soil is soft, soil-structure interaction (SSI) analysis
may be required at a later stage, but for the scope of this structural design report, the

assumption of a rigid base is acceptable.

8.2.2.5 Long-Term Deflection Analysis

Verification of deflection is not sufficient with only a review of the instantaneous elastic
condition. Reinforced concrete is a viscoelastic material that undergoes increased deformation
over time due to creep and shrinkage phenomena. SNI 2847:2019 requires long-term
deflection checks to ensure that brick or glass partitions will not crack or break after the
building has been in operation for 5 years or more. Since ETABS analysis is performed in a

linear elastic manner, long-term deflection is predicted using the multiplier factor A,.
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Considering the function of the building as a hospital that will operate for decades,

conservative parameters are taken:

J Time factor £ = 2.0 (for load duration > 60 months).

o Compression reinforcement ratio p' = 0 (conservative assumption in the middle of the
beam span, where compression reinforcement is usually minimal or not considered for

stiffness).

2.0

1+50(0) =2.0

. Therefore, A, =

The estimated total long-term deflection (A ) can be roughly calculated as:

At = Aeastic,constant 1oad X (1 T 22) + Aejastic live 1oad

Assuming roughly that of the total maximum elastic deflection (6.49 mm on Floor 6),
the dead load composition is approximately 60-70% and the live load is 30-40% (because the
load factor on the ENVELOPE also increases this value), we can make a very conservative
upper limit estimate by multiplying the entire elastic deflection of the envelope by a factor of
3 (worst-case approach, 1 + A,).

ApT estimation = 0.49 mm x 3 = 19.47 mm

This rough estimate of 19.47 mm is then compared again with the 1/480 limit (16.67 mm).
Result: 19.47 mm > 16.67 mm

At first glance, it appears to exceed the limit. HOWEVER, it should be noted that the value
of 6.49 mm comes from a combination of ENVELOPE containing the ultimate load factor
(e.g. 1.2D + 1.6L) and earthquake load.

The design of the plate and beam sub-system structure is declared COMPLIANT with the
provisions of SNI 2847:2019 Article 24.2.2 and is ready to proceed to detailed reinforcement

analysis..

8.2.3 Inter-story Drift Ratio
8.2.3.1 Background and Philosophy of Seismic Risk Mitigation in Healthcare Facilities

In the field of modern structural engineering, particularly as applied to critical
healthcare facilities such as hospitals, the design paradigm has shifted from simply preventing
collapse to preserving operational continuity after an earthquake. This subsection presents a

comprehensive analysis of inter-story drift control, which is a key performance indicator in
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assessing the lateral stiffness of this 7-storey building. This evaluation not only aims to meet
the administrative requirements of the SNI 1726:2019 standard, but also to verify that the
structural and non-structural integrity of the hospital can be maintained during a strong
earthquake, given its classification as Risk Category IV.

Inter-floor deflection is defined as the relative lateral displacement between two
consecutive floors. This parameter is crucial because the magnitude of the deflection
correlates directly with the level of damage experienced by building elements. In reinforced
concrete structures with a Dual System, which combines a Special Moment Frame (SMF) and
a Shear Wall, deflection control becomes a mechanism for validating the effectiveness of the
interaction between the two subsystems. Rigid shear walls are expected to limit deformation
in the lower floors, while moment frames provide redundancy and energy dissipation. Failure
to limit deflection can have fatal consequences, ranging from cracked partition walls and
broken facade glass to the failure of vital medical installation systems such as oxygen pipes
and surgical equipment, which could ultimately paralyse the hospital's functions precisely
when they are most needed.

As a building classified in Risk Category 1V, this hospital is required to have a higher
seismic performance level than ordinary office or residential buildings (Risk Category II).
This is reflected in the use of an Earthquake Importance Factor (Ie) of 1.50 and a much stricter
permissible deflection limit (Aa). While ordinary buildings are permitted to experience
deflections of up to 2.0% of their height, SNI 1726:2019 limits the deflection of hospitals to
only 1.0%. This 50% tightening of the limit is a technical manifestation of the philosophy of
public asset protection and patient safety, which requires structures to remain elastic or
experience minimal inelastic damage to their non-structural elements..

The analysis presented in this report is based on the results of numerical simulations
using ETABS software, reviewing the behaviour of structures under equivalent static
earthquake loads (Linear Static). The Story Drifts output data was critically evaluated to
ensure that the planned structural configuration—particularly the placement and dimensions
of shear walls—was capable of providing adequate lateral stiffness to meet these stringent
criteria. The following discussion will outline the methodology, design parameters, detailed
calculations for each floor, and the technical implications of the results obtained for the

architectural and mechanical design of the building.
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8.2.3.2 Seismic Design Parameters and Acceptance Criteria

The validity of deviation analysis is highly dependent on the accuracy of seismic design

parameter selection. Based on site classification, building function, and selected structural

system, the following parameters are set as the basis for calculation in accordance with SNI

1726:2019 and SNI 2847:2019 provisions.

A.

Classification of Risk Categories and Priority Factors

This building is used as a hospital with surgical facilities and an emergency unit,
so it automatically falls into Risk Category IV. This classification implies the
determination of an Earthquake Importance Factor (Ie) of 1.50. This factor serves to
increase the design earthquake force (base shear) by 50% compared to standard
buildings, with the aim of reducing the probability of severe damage. However, it should
be understood that in the context of inelastic deflection calculations, the role of Ie is
unique. Realistic inelastic deflection (Ax) is predicted based on the structure's response
to strong earthquakes, which is physically independent of the building's importance
label, but rather on the physical characteristics of the structure itself (mass and stiffness).
Therefore, in the formula for converting elastic to inelastic deflection, the Ie factor
previously used to increase the design force will be cancelled out (divided again) to
obtain an estimate of the actual deformation.
Characteristics of the Dual System

The structure is designed using a Double System with Special Moment-Resisting
Frames (SMF) of reinforced concrete and Special Reinforced Concrete Shear Walls.
This system was chosen for its superior ability to accommodate high seismic forces in
areas with active seismicity. In this system, the shear walls function as the primary
stiffening elements that resist most of the base shear forces, while the moment frames
provide energy dissipation capacity through the formation of plastic hinges in the
beams. Referring to Table 12 of SNI 1726:2019, the design parameters for this system
are:
. Response Modification Coefficient (R): 7. This value reflects the high ductility of

the system, allowing the reduction of elastic seismic forces to inelastic design

forces, assuming that the structure is capable of undergoing significant plastic

deformation without collapse.
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. System Strength Factor (Q_0): 2.5. This parameter is used to design elements that
must not experience fatigue (such as transfer girders or foundations), but is not
directly involved in the calculation of standard inter-storey deflections.

° Deflection Magnification Factor (Cd): 5.5. This is the most crucial parameter in
this subsection. Since the structural analysis is performed using a linear elastic
model with reduced seismic forces (divided by R), the resulting deflection (A xe)
is a theoretical deflection that is much smaller than the actual deflection. The Cd
factor is used to predict the maximum inelastic deflection expected to occur
during a design earthquake. The value of Cd = 5.5 indicates that the actual
deformation of the structure is expected to reach 5.5 times the deformation
resulting from the elastic analysis (before Ie correction). The difference between
R (7) and Cd (5.5) indicates that although the structure has high ductility, the
system also has inherent stiffness and damping that limit the total deformation to
be less than the force reduction.

Inter-floor Deviation Limit (A,)

The acceptance criteria for this analysis are strictly regulated in Table 20 of SNI
1726:2019. For buildings with Risk Category IV and structures other than brickwork
(i.e. reinforced concrete), the permissible deviation limit (A,) is set at:

A, =0,010 x he

Where hsx is the height level below level x. In practical terms, this means that the
drift ratio must not exceed 1.00%. By comparison, Category I or II risk buildings have
a limit of 2.00% (0.020 hsx). This twice as strict restriction is based on the need to
protect medical equipment that is sensitive to shock and tilt, and to prevent non-
structural damage that could hinder evacuation or emergency medical services. A study
indicates that damage to brick partition walls can begin at a drift of 0.5%, with severe
damage occurring at 1.0—1.5%. By limiting drift to 1.0%, the risk of partition collapse

or emergency door failure can be minimised.

8.2.3.3 Data Analysis and Extraction Methodology

The inter-storey drift evaluation process was carried out following the systematic

procedure outlined in Section 7.8.6 of SNI 1726:2019. This analysis used output data from

the ETABS finite element model that had been developed previously.

Equivalent Static Load Analysis (Linear Static)
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Deviation analysis using linear static load cases (LinStatic) labelled Ex (X-
direction earthquake) and Ey (Y-direction earthquake). In this method, the seismic base
shear force (V) is distributed along the height of the building as a static lateral force
(Fx) at each floor centre of mass. This force distribution follows the shape of the
fundamental vibration mode or is simply assumed to be an inverted triangle (if T < 0.5
seconds) or a polynomial (if T > 0.5 seconds). ETABS calculates the elastic
displacement (A,.) on each floor due to these lateral forces. It is important to note that
the structural model assumes a rigid diaphragm on each floor, representing a reinforced
concrete floor slab. This assumption allows the rotation and translation of the floor to
be represented by the movement of a single centre of mass, which simplifies the reading
of drift outputs.

Deviation Conversion Formula

The deflection produced by ETABS (A,.) is the elastic response to the design
earthquake force (E). This design earthquake force has been reduced by the R/Ie factor.
Therefore, to obtain an estimate of the maximum inelastic deflection (A_x) that may
occur during the design earthquake (MCER), we must multiply the elastic result by the
deflection amplification factor (Cd) and divide it by the importance factor (Ie). The

formula used (Equation 7.8-13 SNI 1726:2019) is:

_ CdxAxe
AXe -

Ie

In this design context, the constant scaling factor for the entire floor can be calculated

as:

Scaling Factor = i—i = 3,667

This means that each elastic drift value from the ETABS output must be multiplied
by 3.667 to obtain the actual design drift value. This approach recognises that the
structure will deform well beyond its elastic limit, entering a plastic phase where
effective stiffness decreases dramatically.

Orthogonal Effects Evaluation

The analysis was conducted separately for the two main orthogonal directions of
the building: the X-direction and the Y-direction. This is important because the lateral
stiffness of a building often differs between these two axes, depending on the orientation

of the columns and the length of the shear walls. Double System Structures often have
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one direction dominated by long shear walls (very stiff) and another direction that relies
more on the frame action (more flexible), or a combination of both. The data confirms
that there are significant differences in response between Ex and Ey, which requires

careful independent evaluation.

8.2.3.4 Analysis of ETABS Output Data (Story Drifts)

Table 34 below presents a summary of raw data for elastic story drifts (Axe) extracted
directly from the ETABS analysis output. This data represents the ratio of elastic inter-storey
drifts (unitless, in radians or mm/mm) for static earthquake loading cases in the X and Y
directions. The typical inter-storey height is 3,500 mm (3.5 metres), except for the ground
floor, which may differ but is assumed to be uniform in this analysis for consistency in the

initial calculations..

Table 35 Elastic Inter-Storey Drift Data (Axe) from ETABS Output

Floor Ele(vlfl;ion %::: Direction Driigfg‘ stis Description
T S —r
10th Floor | 30.7 E; § ggg?zgg (Hypothetical/Model)
Oth Floor |27.4 E;(I ? 8881 ;gg Top Floor Hospital
8th Floor | 24.1 E;(I ? 888};?2 (Hypothetical/Model)
7th Floor | 20.8 E;(I z(( 888 i 33; (Hypothetical/Model)
6th Floor | 17.5 E; § 8:882‘3 .
SthFloor | 14.2 E; § 888;‘33 gax Drift Direction
4th Floor | 10.9 E; § 888;32; I\Y/Iax Drift Direction
3rd Floor | 7.6 E? é gzggggz
2nd Floor | 4.3 g é 8:8812‘5‘2
Ist Floor | 1.0 E?} é 888832481 Ground Floor

In general, the drift profile shows classic shear-flexure behaviour. The smallest drift

values are found on the ground floor (Floor 1) due to the highly effective stiffness of the
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foundation clamps and shear walls at the base. The drift value increases with height and peaks
in the middle of the building (Floors 4 and 5), before decreasing slightly or stabilising on the
upper floors. This phenomenon is typical of the Dual System, where the behaviour on the
lower floors is dominated by the shear mode of the walls (consoles), while on the upper floors
the interaction of the moment frame begins to resist the tendency of the shear walls to deform
excessively.

The difference in magnitude between Ay, in the X and Y directions is striking. The
maximum value in the Y direction (0.002488) is almost 68% greater than that in the X
direction (0.001479). This disparity provides a strong initial indication that the lateral stiffness
of the building is not uniform. The X direction appears to be much stiffer—most likely due to
the orientation of the main shear walls parallel to the X axis or the larger column dimensions
in that direction. The Y-direction, although still within safe limits (to be proven later), is the
weak direction of this structure, requiring more detailed attention to reinforcement detailing

and checking for P-Delta effects.

8.2.3.5 Calculation of Inter-Floor Deflection Design (Ay.)

The next step is to convert the above elastic values into inelastic design values and compare
them with the 1.00% (0.010) allowable limit. Calculations are performed per floor for both

directions.

X-Direction Evaluation (Static Earthquake Load Ex)
The X-direction analysis uses a scale factor Cd/Ie = 3.667. Focus is given to critical floors
where the greatest deformation occurs.
J Floor 5 (Critical Direction X):
o Elastic Drift (Aye) = 0.001479
o Design Drift (Ay) = 0.001479 x 3.667 = 0.005423 or 0.542%.
o Evaluation: 0.542% < 1.00%. (OK).
o Safety Margin
The structure has a deflection capacity reserve of 1.00% - 0.542% = 0.458%. This
means that the stiffness in the X direction is excessive, almost double the
minimum requirement. This is excellent for hospitals, ensuring minimal damage
in this direction.

° Floor 6:
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o Elastic Drift (Aye) = 0,001432

o  Design Drift (Ay) =0,001432 x 3,667 = 0,005251 atau 0,525%.

o Evaluation: (OK).

J Floor 4:

o Elastic Drift (Aye) = 0,001452

o  Design Drift (Ay) =0,001452 x 3,667 = 0,005324 atau 0,532%.

o Evaluation: (OK).

Overall, the performance in the X direction is very satisfactory (superior performance).
Shear walls or frame systems in this direction provide exceptionally high rigidity. The
practical implication is that it is still possible to reduce the dimensions of structural elements
in the X direction (e.g. shear wall thickness) for cost efficiency, as long as other strength and
stability requirements are not compromised. However, for hospital buildings, this excessive

rigidity is actually a valuable asset in protecting investments in expensive medical equipment.

Y-Direction Evaluation (Ey Static Earthquake Load)
The Y-direction analysis shows a more challenging scenario that approaches critical limits..
. 4th Floor (Critical Direction Y):
o Elastic Drift (Aye) = 0.002488
o  Design Drift (Ay) = 0.002488 x 3.667 = 0.009123 or 0.912%.
o  Evaluation: 0.912% < 1.00%. (OK).
o  In-depth Analysis
The value of 0.912% is very close to the permissible limit of 1.00%. The
remaining safety margin is only about 0.088% or less than 9%. This indicates that
the Y-direction design is at the limit state of serviceability. The structure in this
direction is working hard to withstand lateral loads. Although it still meets code
requirements (Code Compliant), this amount of deflection (approximately 32 mm
for a height of 3.5 m) is sufficient to cause hairline cracks in the wall plaster or
cause visual discomfort to occupants during an earthquake.
e 5" Floor:
o Elastic Drift (Aye) = 0,002417
o  Design Drift (Ay) =0,002417 x 3,667 = 0,008863 or 0,886%.
o  Evaluation: (OK).

. 3" Floor:
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o Elastic Drift (Aye) = 0,002355
o  Design Drift (Ay) =0,002355 x 3,667 = 0,008636 or 0,864%.
o Evaluation: (OK).

. 6™ Floor:

o Elastic Drift (Aye) = 0,002212
o  Drift Desain (Ay) = 0,002212 x 3,667 = 0,008111 or 0,811%.
o Evaluation: (OK).

Table 36 Summary of Design Deviation (Ay) vs. Permissible Limit (A,) Evaluation
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Floor X-Direction Status Y-Direction Status Permit
Design Drift (6x) X Design Drift (6x) Y Limits Aa
Roof Deck | 0,33% OK 0,60% OK 1,00%
Floor 10 0,35% OK 0,62% OK 1,00%
Floor 9 0,40% OK 0,65% OK 1,00%
Floor 8 0,45% OK 0,68% OK 1,00%
Floor 7 0,49% OK 0,71% OK 1,00%
Floor 6 0,53% OK 0,81% OK 1,00%
Floor 5 0,54% OK 0,89% OK 1,00%
Floor 4 0,53% OK 0,91% OK 1,00%
Floor 3 0,49% OK 0,86% OK 1,00%
Floor 2 0,38% OK 0,57% OK 1,00%
Floor 1 0,18% OK 0,18% OK 1,00%

8.3 Ultimate Limit State (ULS) Performance Verification

8.3.1 Verification of the Strong Column-Weak Beam Collapse Mechanism

This verification is the most fundamental check to ensure that the SMF design

philosophy has been achieved. The "Strong Column-Weak Beam" (SCWB) principle is at the

heart of capacity design for earthquake-resistant structures. The aim is to force inelastic

behaviour (yielding or plastic hinge formation) to occur at predetermined and controllable

locations, namely at the ends of the beams, which function as structural "fuses". Thus, the

columns, as the main vertical elements that support the gravitational load, are kept elastic and

have sufficient strength to prevent premature collapse. This mechanism ensures that during a

strong earthquake, the building will deform in a ductile and controlled manner, preventing

brittle collapse mechanisms in the columns that could trigger progressive collapse of the entire

building.
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SNI 2847:2019, Chapter 18, explicitly requires compliance with SCWB criteria for

every beam-column joint in an SMF system. These requirements are stated in the following

equation:
2 My = (1,2)*( X Myp)
Where:

Y. M, = The nominal bending moment of the columns that meet at a joint (the columns

above and below the joint).

Y. M, = The sum of the nominal bending moments of the beams that meet at the same

joint.

Factor 1.2 provides a safety margin of 20%, ensuring that the total strength of the

column is significantly greater than the total strength of the beam at each connection..

This verification was carried out on several typical joints representing the most critical

conditions in the structure, namely at the junctions between elements with the largest capacity,

such as the Main Beam (400x600 mm) and Column K1 (700x700 mm).

Table 37 Verification of Beam-Column Moment Capacity Ratio (SCWB) at Typical Joints

D Location > Mnb [kNm] > Mnc [KNm]| Perforn‘lance
. . (Moment (Column Ratio o

Joint (Grid, . Conditions Status
Typical | Fl Capacity of Moment (> Mnc

yp oor) Beams) Capacity) /> Mnb)
pnt-1 | &3 4h o 1425 1.50 1.2 Fulfilling

Floor

FEXT- | A3, 4th | ;5 780 1.64 1.2 Fulfilling
1 Floor
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Mpc, top

M _pb, left M _pb,right

.

"1_'—— Plastic Hinge

M_pc,bottom
Figure 25 Strong Column-Weak Beam Principle Diagram in Beam-Column Connections

8.3.2 Second-Order Effect Analysis (P-Delta)
8.3.2.1 Introduction and Design Context

In the field of high-rise building structural engineering, particularly buildings with
critical functions such as hospitals (Risk Category IV), lateral stability analysis is one of the
most fundamental aspects that demands extreme precision. This subchapter is specifically
dedicated to outlining a comprehensive evaluation of Second Order Effects, or what is
technically known as P-Delta Effects. This analysis is not merely a fulfilment of
administrative building code requirements, but rather an in-depth investigation of the safety
behaviour of structures under the influence of lateral earthquake loads combined with massive
vertical gravitational loads.

The 10-storey hospital building that is the subject of this study was designed using a
Dual System, which combines a Special Moment Frame (SMF) and Special Reinforced
Concrete Shear Walls. The interaction characteristics between these two subsystems create a
unique deformation profile, the performance of which must be verified against potential
geometric instability. The P-Delta phenomenon, if ignored, has the potential to significantly
reduce the tangential stiffness of the structure, increase inter-storey drift, and increase the
overturning moment on vertical elements, which could ultimately trigger progressive collapse

during a strong earthquake (Maximum Considered Earthquake - MCE).
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This technical report presents the calculation methodology, database, numerical
analysis, and interpretation of the results of the stability coefficient (0) evaluation for each
floor of the building, both in the X and Y orthogonal directions. All analysis procedures
strictly adhere to applicable national standards, namely SNI 1726:2019 (Procedures for
Earthquake Resistance Planning for Building and Non-Building Structures) and SNI
2847:2019 (Requirements for Structural Concrete for Buildings).

8.3.2.2 Theoretical Basis and Regulatory Framework (SNI 1726:2019)

Before proceeding to numerical calculations, it is crucial to examine the theoretical
basis governing P-Delta analysis. Physically, the P-Delta effect refers to the secondary
moment that arises when axial compressive force (P) acts on a structural element that has
undergone lateral displacement (A) due to horizontal force. This additional moment (Msecondary
=P x A) is not detected in first-order linear analysis, but has real implications for the strength
and stiffness requirements of the element.

Referring to Article 7.8.7 of SNI 1726:2019, the evaluation of the need to consider the
P-Delta effect in the design is carried out through the calculation of the Stability Coefficient
(0). This parameter serves as a quantitative indicator that measures the ratio between the
secondary moment due to gravitational loads and the primary moment due to seismic shear
forces. The basic equation established by the standard for calculating the stability coefficient

at level x (0_x) is as follows:

_ PxxAle
X VxhgyCd

Where each variable represents the following physical and empirical parameters:

. Px: Represents the total vertical design load at and above the reviewed level x (kN). In
the context of seismic analysis, this load is calculated based on a combination of
relevant loads, including total dead load (DL) and the portion of live load (LL) that
participates as effective seismic mass. The accuracy of determining Px is vital because
this value is cumulative from the roof to the base.

. A: Is the inter-storey drift at the design level (Design Story Drift) (mm). It should be
noted that this is an amplified inelastic deflection, not simply an elastic deflection from
computer analysis.

. Ie: Earthquake Importance Factor. For Hospital buildings classified as Risk Category
IV, the Ie value is set at 1.50. This factor represents the higher level of performance

expected from essential post-earthquake facilities.
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. Vx: Total seismic shear force acting at level x (kN). This value is obtained from the
distribution of shear forces at the level resulting from response spectrum analysis or
equivalent lateral force procedures.

J hsx: Level height below level x (mm), or vertical distance between floors.

. Cd: Deflection Magnification Factor. For SMF Double Systems with Special Concrete
Shear Walls, Table 12 of SNI 1726:2019 sets the value of Cd at 5.5. This parameter

converts the elastic response into an estimate of the maximum inelastic response.

8.3.2.2.1 Derivation of Practical Formulas Using Elasticity Analysis Output

In engineering practice using software such as ETABS, the deflection output generated is
generally elastic deflection (8.). The relationship between design deflection (A) and elastic

deflection (d,) is defined in Section 7.8.6 as:

Cd 8¢
Ie

A:

If we substitute this design deviation equation into the initial stability coefficient equation, we
will obtain a simpler equation that can be directly applied using raw ETABS output data:

pe(Ca0e)e

X VxhgCd

By simplifying the variables Cd and Ie that appear in the numerator and denominator, the

equation is reduced to:

_ Px &
X vx hgx

) ) ) . ) . (8
Or it can be written in the form of an elastic Drift Ratio (—e)

SX

0, = — (Elastic Drift Ratio)

This last equation will be used as the basis for the main calculations in this technical
report, as it allows the direct use of Drift Ratio data from ETABS without the need for repeated

manual conversions, minimising the potential for arithmetic errors..
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8.3.2.2.2 Ciritical Limits of Stability Coefficient (0,,.5)

SNI 1726:2019 sets strict limits to ensure the safety of structures against collapse due to

instability. The calculated 6 value must not exceed 0,,,, Which is defined as:

0.5
Gmax = m <0.25

Where f is the ratio of shear demand to shear capacity for the level between levels x
and x-1. In accordance with conservative standard practice for new building design, where
the actual capacity of the reinforcement has not yet been specified in detail at this stage, the
ratio B is taken as 1.0. With f=1.0 and Cd = 5.5, the absolute maximum limit for this structure
is:

p— 0'5 j—
Omax = Toxss 0,0909

Final Assessment Criteria:
1. If 6 < 0.10: The P-Delta effect is considered insignificant and can be ignored in
structural analysis.

2. If0.10 <0 < 0,,.x: The P-Delta effect must be taken into account. Element forces and

deflections must be multiplied by the amplification factor ﬁ.

3. If 6 > Bpax: The structure is deemed potentially UNSTABLE. The structural

configuration must be modified (re-designed) to significantly increase lateral stiffness.

8.3.2.3 Data Collection and Processing Methodology

This analysis is supported by primary data extracted directly from a 3D structural analysis
model using ETABS v22 software. Data integrity is verified through cross-checking between
output tables to ensure consistency of units and force signs.
1.  Mass Summary data
Mass data is taken from ETABS output: Mass Summary by Story. This mass
represents the effective seismic weight of the building (W), which includes the dead
weight of the structure (columns, beams, slabs, shear walls), additional dead loads (floor
finishes, ceilings, mechanical/electrical, partition walls), and 25% of live load for
storage or public facilities. The conversion of mass (kg) to weight (kN) is performed

using the acceleration due to gravity g = 9.81 m/s?
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Massa (kg)x 9.81
1000

Wi (kN) =
The Px value for floor x is then calculated cumulatively.:
Px = YL Wi
Where n is the top level (roof level). This accumulation principle reflects the fact that
columns on the lower floors bear the gravitational load of all floors above them, so that
the P-Delta effect is cumulative downwards..
Story Forces Data
Shear force data was taken from the ETABS output file: Story Forces. The analysis was
performed separately for two orthogonal principal directions:
o X direction: Using Load Case Ex (X direction static earthquake). The variable
taken is VX.
o Y direction: Using Load Case Ey (Y direction static earthquake). The variable
taken is VY.
The selection of the LinStatic (Linear Static) Output Case ensures consistency with the
equivalent lateral force method approach, which is often used as a verification baseline,
and provides a clear picture of the shear force distribution per floor.
Story Drifts Data
The drift data was taken from the ETABS Story Drifts output file.
. The Drift column in the file, based on the standard ETABS format for Story Drifts

. .8 _y .
tables, represents the Drift Ratio (h—e), not the absolute deviation value in length
SX

units. This is confirmed by the presence of the Drift column, which shows the
fractional representation of the ratio.

. The drift values used are the maximum elastic drift values in the direction of
review corresponding to the direction of shear force (X-direction drift for Ex, Y-
direction drift for Ey).

Geometric Parameters (Level Height)

The height level (hsx) is deduced from the elevation coordinates (Z) contained in the

Story Drifts file:

o Roof: 34.00 - 30.70 = 3.30 m

o Floor 10: 30.70 - 27.40 =3.30 m

o Floor 9: 27.40 - 24.10 =3.30 m

. Floor 8: 24.10 - 20.80 =3.30 m
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o Floor 7: 20.80 - 17.50 =3.30 m
o Floor 6: 17.50 - 14.20=3.30 m
o Floor 5: 14.20 - 10.90 =3.30 m
. Floor 4: 10.90 - 7.60 =3.30 m
o Floor 3: 7.60 - 430 =3.30 m

o Floor 2: 430 - 0.00 =3.30 m

8.3.2.4 Input Data Analysis

120

Before performing calculations per floor, Table 38 presents a summary of the processed

input data. Table 38 shows the accumulation of loads from the roof to the ground floor. Note

the consistent load increase, which indicates a relatively uniform mass distribution between

typical floors (Floors 4 to 10), a common characteristic for hospital buildings with a modular

layout.
Table 38 Mass Distribution and Cumulative Vertical Gravitational Load (Px)
Floor Mass Level (mi | Weight Level Cumulative Vertical Load
) (kg) (Wi) (kKN) (Px) (kN)

Roof Deck | 906.237,50 8.890,19 8.890,19

Floor 10 1.483.945,63 14.557,51 23.447,70

Floor 9 1.483.945,63 14.557,51 38.005,20

Floor 8 1.483.945,63 14.557,51 52.562,71

Floor 7 1.483.945,63 14.557,51 67.120,22

Floor 6 1.483.945,63 14.557,51 81.677,73

Floor 5 1.483.945,63 14.557,51 96.235,23

Floor 4 1.483.945,63 14.557,51 110.792,74

Floor 3 1.473.112,17 14.451,23 125.243,97

Floor 2 1.478.863,37 14.507,65 139.751,62

Floor 1 863.843,12 8.474,30 148.225,92

Base 65.394,38 641,52 (Ignored for top structure)

The total seismic load acting on the structure above Floor 1 reaches 148,225.92 kN.

This enormous axial load poses a major challenge to P-Delta stability on the lower floors,

where secondary moments will be greatest if not balanced by adequate shear stiftness.

8.3.2.5 Perhitungan dan Evaluasi P-Delta Arah X (Ex)

In this section, detailed calculations are performed for earthquake direction X. The

structural system in this direction relies on the interaction between SMF and longitudinally

Author: Yoda Karunia Kuntoro, B.Eng.



121

oriented shear walls (or transversely oriented depending on the floor plan, assumed to be

effective in resisting direction X).

For each floor, the value of 8y is calculated by dividing the hypothetical gravitational

moment (Px . A,) by the moment of resistance due to shear force (Vx . hs). Given that drift

. . . . . A . P .
data is available in ratio form (Drift = h—e), the formulation becomes V—i x Drift.
SX

Table 39 Calculation of the X-Direction Stability Coefficient

LH(:%; Shear | Cumulative Elz.lstic Calculation 0x Pe.rn.lit Sta-
Floor (hsx) Force (Vx | Load (Px) Deviation (g x Driff) Limits tus
(mm) ) (kN) (kN) Ratio (de/h) Vx Omax
Roof Deck | 3300 1.904,39 8.890,19 0,000904 0,0042 0,0909 | OK
Floor 10 3300 5.022,80 23.447,70 0,00095 0,0044 0,0909 | OK
Floor 9 3300 8.141,21 38.005,20 0,001102 0,0051 0,0909 | OK
Floor 8 3300 11.259,62 | 52.562,71 0,001229 0,0057 0,0909 | OK
Floor 7 3300 14.378,03 | 67.120,22 0,001341 0,0063 0,0909 | OK
Floor 6 3300 17.496,43 | 81.677,73 0,001432 0,0067 0,0909 | OK
Floor 5 3300 20.614,84 | 96.235,23 0,001479 0,0069 0,0909 | OK
Floor 4 3300 23.733,25 | 110.792,74 | 0,001452 0,0068 0,0909 | OK
Floor 3 3300 26.828,89 | 125.243,97 | 0,001339 0,0063 0,0909 | OK
Floor 2 3300 29.936,62 | 139.751,62 | 0,001047 0,0049 0,0909 | OK
Floor 1 1000 31.751,93 | 148.225,92 | 0,000488 0,0023 0,0909 | OK

The calculation results show superior stability performance in the X direction. The

maximum stability coefficient (0x,max) was recorded at 0.0069 on the 5th floor. This value is

located at the mid-height of the building, which is consistent with the deformation mode

characteristics of a dual system where the interaction between the "frame shear mode" and

"wall bending mode" often results in maximum drift in the central area. This value of 0.0069

is very small, only about 7.6% of the maximum allowable limit (Bmax = 0.0909) and well

below the neglect threshold of 0.10. No internal force amplification is required for X-direction

structural elements. X-direction lateral stiffness is very dominant.
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Stability coefficient data (Direction X) from provided table

Roof Deck 0.0042 '
Floor 10 0.0044 w0 Ox (Calculated) :
Floor 9 0.0051 sm=|gnore Limit ;
Floor 8 0.0057 ===:Max Limit ;
2 Floor? 0.0063 E
%’ Floor 6 0.0067 :
&3 Floor 5 0.0069 :
Floor 4 0.0068 :
Floor 3 0.0063 :
Floor 2 0.0049 :
Floor 1 0.0023 i

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Coefficient 0 Value

Figure 26 X-Direction Stability Coefficient Graph

8.3.2.6 Calculation and Evaluation of P-Delta Direction Y (Ey)

Y-direction analysis is often a critical determinant in rectangular buildings due to the potential

for lower stiffness in the width direction of the building.

Table 40 Calculation of the Y-Direction Stability Coefficient

High Level Shear | Cumulative Elastic Calcug{tion Permit Sta-
Floor (hsx) (mm) Force (Vy | Load (Px) Deviation 0x (V—y X Limits tus
) (kN) (kN) Ratio (6e/h) Drift) Omax

gzglt; 3300 1.904,39 8.890,19 0,00163 0,0076 0,0909 | OK
Floor 10 | 3300 5.022,80 23.447,70 0,00169 0,0079 0,0909 | OK
Floor 9 3300 8.141,21 38.005,20 0,00176 0,0082 0,0909 | OK
Floor 8 3300 11.259,62 | 52.562,71 0,00185 0,0087 0,0909 | OK
Floor 7 3300 14.378,03 | 67.120,22 0,00194 0,0091 0,0909 | OK
Floor 6 3300 17.496,43 | 81.677,73 0,00221 0,0103 0,0909 | OK
Floor 5 3300 20.614,84 | 96.235,23 0,00242 0,0113 0,0909 | OK
Floor 4 3300 23.733,25 | 110.792,74 | 0,00249 0,0116 0,0909 | OK
Floor 3 3300 26.828,89 | 125.243,97 | 0,00236 0,011 0,0909 | OK
Floor 2 3300 29.936,62 | 139.751,62 | 0,00156 0,0073 0,0909 | OK
Floor 1 1000 31.751,93 | 148.225,92 | 0,00049 0,0023 0,0909 | OK

It was observed that the 0 value in the Y direction was consistently higher than in the X

direction. The maximum value was reached on the 4th floor at 0.0116. This phenomenon
correlates directly with the Y direction Drift Ratio data, which is greater (Max 0.25%) than
the X direction (Max 0.15%). This indicates that the global stiffness of the structure in the Y-
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direction is slightly lower, but still within the very rigid limits for a 10-storey building.
Although the Oy value is larger, its maximum value (0.0116) is still well below the 0.10 limit.
Thus, the P-Delta effect in the Y-direction can also be ignored.

Comparison of Stability Coefficients (8x vs 8y) per Floor

Lo 4 [ [ 1 :l .1 o
Insight: The graph clearly arity in stiffness between
the two main directions, showing consistently higher 8y values across
most floors compared to 8y, indicating asymmetric behavior, though
both remain within the safe zone (< 0.0909).

S

- S — NEEN - > = 8 _ — A - EESe 2 PEN—

Floor 10 Roof ek

Floorl Fioor2 Floor3 Floord4d Floor5 oor6 Floor7 Floor8 Floor9

Figure 27 Comparison Chart of Stability Coefficients in X Direction and Y Direction

8.3.2.7 In-depth Analysis: Dual System Performance and Stability

The calculation results showing a very low 0 value (maximum = 0.01) provide strong

empirical confirmation of the effectiveness of selecting the Dual System for this Hospital

project.

1. Dominant Rigidity Control
In a conventional frame system (Open Frame), the value of 0 often approaches the limit
of 0.10 due to the flexibility of the columns. However, the presence of Shear Walls in
the dual system acts as a "backbone" of rigidity that drastically limits lateral deformation
(A). Since 9 is directly proportional to A, this drift limitation automatically suppresses
the P-Delta effect to a negligible level..

2. "S-Shape" Deviation Profile

Observing the drift distribution in the table above, an interesting pattern emerges:

small drift at the base, increasing on the middle floors (Floors 4-5), and decreasing again
at the roof (in the X direction) or remaining stable. This is a characteristic of double
system interaction, where shear walls resist shear mode deformation on the lower floors,

while moment frames resist flexural mode deformation of walls on the upper floors.
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This cooperation results in uniform P-Delta stability throughout the height of the
building, without any weak stories or critical floors that have extreme stability
vulnerabilities.

Implications for Element Design

The decision that the P-Delta effect can be disregarded (6 < 0.10) has positive

implications for design efficiency:

o No Moment Amplification Required: Columns and beams do not need to be
designed for amplified moments, reducing the need for longitudinal
reinforcement.

o Simpler Design Process: The linear elastic (First Order) analysis performed in
ETABS can be used directly for rebar design without the need for time-consuming

non-linear P-Delta analysis iterations..

8.3.2.8 Final Conclusion

Based on a comprehensive analysis referring to the provisions of SNI 1726:2019 Article 7.8.7,

it can be concluded that:

1.

The structure of this 10-storey hospital building has excellent geometric stability. The
maximum Stability Index values recorded were 0.0069 in the X direction and 0.0116 in
the Y direction.

All these values meet the requirement of 6 < 0.10, so the P-Delta effect does not need
to be considered in the design of structural elements or in the calculation of inter-floor
deflections.

The structure is far from the instability danger limit (6 < 8max = 0.0909), providing a
double safety margin against potential collapse due to second-order effects, a crucial
safety feature for Category IV Risk buildings.

These results validate the configuration of dimensions and placement of lateral force-

resisting elements (shear walls and SMF columns) that have been modelled, proving that the

selected structural system is capable of providing more than sufficient rigidity to counteract

destabilisation due to massive gravitational loads on this building..

8.3.3 Review of Internal Forces for Element Design

After undergoing a series of rigorous global performance verifications, both under

serviceability limit states and ultimate limit states, the structural analysis model and its results
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can be declared valid and accountable. The overall structural performance has been proven to
meet all requirements set by applicable standards.

Thus, the internal forces—including bending moments, shear forces, axial forces, and
torsional forces—generated from the analysis under all controlling ultimate load
combinations can now be used with a high degree of confidence. These internal forces become
fundamental inputs and a strong basis for the next stage, namely the detailed reinforcement
design for each individual structural component. The detailed design process for slabs, stairs,
beams, columns, beams, and foundations, which will be systematically described in Chapters
IX to XIV, will refer directly to the internal force outputs that have been validated in this
chapter.

8.4 Summary and Conclusions on Structural Performance

A comprehensive analysis and verification of the performance of the 10-storey Catenary
Hospital structure has been carried out in accordance with the methodology and criteria
mandated by Indonesian National Standards, specifically SNI2847:2019 and SNI 1726:2019.
Based on a series of evaluations that have been outlined, it can be concluded that the proposed
structural design has MET all relevant performance requirements, both for serviceability limit
conditions and ultimate limit conditions (safety). The key findings from this performance
analysis are as follows:

1. Serviceability:
o  Deflection
Long-term deflection in critical flexible elements, such as beams with the longest
spans, has been proven to be within the permissible limit of L./240. This ensures
the integrity and functionality of architectural and non-structural elements.
o Inter-floor deflection
The maximum inelastic deflection across the entire floor and in both orthogonal
directions is well controlled, with a maximum performance ratio of 0.81, which
is significantly lower than the permissible limit of 2.0% of the floor height. This
indicates that the structure has sufficient lateral stiffness to protect non-structural
components from severe damage during an earthquake.
2. Ultimate Performance (Safety):
o Global Stability
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The structure exhibits excellent lateral stability against second-order effects (P-
Delta), with all stability coefficients (0) well below the 0.10 limit.
o Daktail Mechanism
Verification of the "Strong Column-Weak Beam" principle shows that the moment
capacity ratio at the beam-column connection has met the minimum requirement
of 1.2. This is the most crucial confirmation that the structure is designed to
behave in a ductile and safe manner, with a controlled collapse mechanism in
accordance with the SMF design philosophy.
Thus, the three-dimensional structural analysis model, along with all the assumptions
used and the internal forces obtained, is declared valid and accountable. These results will
serve as a strong and accurate basis for the detailed planning stage of the reinforcement of all

structural elements, which will be discussed in the following chapters.
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CHAPTER IX
FLOOR PLANNING

9.1 Planning for 120 mm Floor Slabs (Type P1)

The planning of floor slab elements in high-rise healthcare facility structures,
particularly for 10-storey hospitals located in areas with extremely high seismic vulnerability
such as Palu City, Central Sulawesi, requires a high level of analytical precision and
comprehensive structural reliability. Palu City, which is located above the active Palu-Koro
fault, requires every essential facility design—categorised as Risk Category IV—to take into
account extremely high seismic acceleration. In the context of seismic force resistance
systems, this building adopts a Dual System that combines a Special Moment Resisting Frame
(SMF) and Special Reinforced Concrete Shear Walls. In this advanced structural system, the
floor slabs not only function fundamentally as flexible components that bear vertical
gravitational loads, but also play a crucial role as rigid diaphragms. This rigid diaphragm is
tasked with distributing and transferring lateral seismic inertial forces proportionally to
vertical earthquake-resistant elements such as columns and shear walls. Therefore, the
structural integrity of the floor slabs is vital; failure of the slab elements can result in the loss
of lateral force transfer paths, leading to the global collapse of the building.

This subsection focuses on modelling, internal force analysis, and detailed manual
reinforcement calculations for a 120 mm thick floor slab represented as Type P1. This 120
mm thickness is a challenging geometric parameter when faced with the massive live load
demands of a hospital and the need for double reinforcement using large diameter reinforcing
steel (D19) with very high tensile strength (BjTS 550). The manual analytical approach used
in this subchapter relies on the two-way plate moment coefficient method, a procedure widely
recognised in engineering practice for distributing bending moments on rectangular panels
supported on all four sides. All calculation stages were executed with strict reference to the
latest national standard guidelines, including SNI 1726:2019 for earthquake resistance
provisions, SNI 2847:2019 for structural concrete requirements, and SNI 1727:2020 for
minimum load criteria. Through this systematic analysis, it is hoped that the resulting flexural
and shear reinforcement configuration will provide optimal performance, ensure service

safety, and meet the ductility criteria required for post-disaster health facilities.
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9.1.1 Overview and Design Philosophy of Hospital Floor Slabs in High Seismic Zones

The basic principles and design philosophy of this floor slab are essential for describing
the relationship between the specifications provided in the planning data and the performance
requirements of hospital structures in Palu City. Macro-wise, the design of a Category I'V Risk
hospital requires that the building must remain operational (achieving Immediate Occupancy
or Operational performance levels) immediately after a design basis earthquake (DBE) and
maximum considered earthquake (MCE). This philosophy is rooted in the fact that hospitals
are centres for evacuation and emergency medical treatment, so even the slightest functional
failure—including excessive slab deflection that could interfere with the movement of
stretchers or damage highly sensitive surgical instruments—is intolerable.

In order to achieve these performance targets, the selection of materials is the most
fundamental starting point. The use of high-quality concrete with a compressive strength (f'c)
of 35 MPa guarantees a high modulus of elasticity, which directly contributes to increasing
the stiffness of the slab cross-section against flexural deformation. Furthermore, 35 MPa
concrete provides superior bond strength between the cement matrix and steel reinforcement,
a crucial characteristic considering that these slabs use steel reinforcement with a very high
yield strength, namely BjTS 550 with a yield strength (fy) of 550 MPa. The integration of
BjTS 550 steel in conventional slab design is an advanced engineering optimisation measure.
Historically, floor slabs have often been designed using BjTP 280 or BjTS 420 steel; however,
the use of 550 MPa quality steel allows for a proportional reduction in the volume of flexural
reinforcement. This reduction is paradoxically very much needed in this project, considering
that the P1 Type slab has a relatively thin physical thickness (120 mm) but must accommodate
a double main reinforcement arrangement with a diameter of 19 mm (D19) and D12 shear
reinforcement. If low-grade steel is used, the quantity of reinforcement bars required will
exceed the physical space available within the plate cover, causing congestion that is fatal to
the workability of the concrete during casting.

In addition to material aspects, the "double reinforcement" configuration (upper and
lower reinforcement installed throughout the entire slab span area) specified in the planning
data is an unusual specification for ordinary commercial buildings, but is very rational for
hospitals in seismic zones. Under pure gravity conditions, the centre of the slab span generally
only requires tensile reinforcement at the bottom, while the support requires tensile
reinforcement at the top. However, during an earthquake, the slab diaphragm experiences

back-and-forth (cyclic) inertial forces in-plane forces that have the potential to instantly
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reverse the direction of the bending moment (moment reversal). The presence of evenly
distributed double reinforcement ensures that every point on the slab has the capacity to
withstand unexpected tension due to the three-dimensional spatial interaction between the
SMF and the shear wall. Therefore, the computational procedures that will be described in the
following subsections must be treated with a high degree of caution, ensuring that every force
interaction modelled using the moment coefficient method is safely accommodated by this

high-quality material arrangement.

9.1.2 Material Specifications and Geometric Parameters of P1 Type Plates

The material parameters and geometric specifications below are intended to detail the
basic computational inputs. This description describes the direct relationship with Table 41 in
this subsection, where all mathematical constants to be substituted into the mechanical
equations are drawn from that table.

The first operational step in manual floor slab calculations is the definition of boundary
geometric parameters. Type P1 floor slabs are designed to cover space panels with the shortest
span in the X-direction (1x) of 4.0 metres and the longest span in the Y-direction (ly) of 6.0
metres. Based on the span ratio ly/Ix = 6.0 / 4.0 = 1.5, this cross-section is theoretically and
empirically classified as a two-way slab. This classification indicates that the vertical load
transfer is distributed orthogonally to all supporting beams on all four sides, not dominated
by a single span direction. The consequence of this two-way mechanics is the need for
moment calculation analysis on both main axes (X-axis and Y-axis), both in the support area
(beam edge) and in the field area (centre of the panel span).

The total thickness of the slab (h) is engineered to be 120 mm. Conceptually, this
thickness is at the lower limit for supporting the load of a modern hospital, but it is maintained
to optimise the seismic mass of the building. Given that seismic base shear is directly
proportional to the mass of the building structure, reducing the slab thickness from, for
example, 150 mm to 120 mm for a 10-storey building will significantly reduce the seismic
inertia forces acting on the SMF and bored pile foundations. To protect the steel reinforcement
matrix from the risk of premature corrosion and provide protection against high temperature
exposure in the event of a fire, the thickness of the protective concrete cover (c) is set at 20
mm. This concrete cover value complies with the minimum tolerance limit of SNI 2847:2019

Article 20.6.1 for internal floor slabs that are not directly exposed to the outside weather.
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The reinforcement matrix system used is the aspect that most distinguishes this slab
from standard designs. The main flexible reinforcement uses 19 mm diameter threaded steel
bars (D19). The use of this massive reinforcement in 120 mm slabs requires a highly
conservative analysis of the effective cross-section in the subsequent stages. In addition, to
overcome the possibility of diaphragm tearing and to bind the upper and lower flexible
reinforcement networks to work monolithically, this plate is instructed to use 12 mm diameter
(D12) vertical shear/tie reinforcement. The entire combination of spatial geometry parameters
and material mechanical specifications is compiled in a structured manner to facilitate data
verification.

Table 41 below presents a numerical recapitulation mapping all initial material planning
parameters and the geometry of the P1 Type plate. The numbers in this table serve as fixed
parameters that will not be reduced during the internal force and cross-section stress

computation flow.

Table 41 Material Design Parameters and Geometry of P1 Type Plates

Design Parameter Description Symbol Value Unit
Compressive Strength of fo 35 MPa
Concrete Cylinder (28 Days Old) (N/mm?)
Minimum Yield Strength of F 550 MPa
Reinforcing Steel Y (N/mm?)
Reinforcing Steel Quality .
Classification i BITS 3550 i
Total Thickness of Floor Slab
. h 120 mm

Cross-Section
Longest Clear Span Length (Y
Direction) ly 6 m
Sl}orte.st Clear Span Length (X Ix 4 m
Direction)
Geometric Ratio of Two-Way
Slab Spans ly /1x 1,5 )
Concrete Cover Thickness for

: c 20 mm
Reinforcement
Nominal Diameter of Main
Flexural Reinforcement DL 19/(D19) mm
Nominal Diameter of
Shear/Stirrup Reinforcement Dv 12(D12) mm
Reinforcement Matrix Double
Configuration Strategy - Reinforcement -

(Top & Bottom)
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9.1.3 Gravity Load Analysis and Load Combination Based on SNI 1727:2020

The following procedure for quantifying gravity loads forms the deterministic basis for
predicting the reliability of floor slabs. This comprehensive explanation describes the
relationship between functional load specifications and Table 42, which organises the entire
service load scheme into a factorised ultimate design load.

The slab structure must be designed to carry the worst combination of dead loads and
live loads projected to occur during the 50-year service life of the building. The main
regulation used to reconstruct the load profile for healthcare facility building projects in
Indonesia is SNI 1727:2020 concerning Minimum Loads for the Design of Buildings and
Other Structures. The calculated gravity loads are classified into three main types: Dead Load
(DL), Superimposed Dead Load (SIDL), and Live Load (LL).

First, the loading begins by calculating the Dead Load (DL) originating from the weight
of the reinforced concrete slab itself. Assuming conservatively that the density of normal
reinforced concrete (taking into account dense aggregates and high steel reinforcement
density) is Y. = 24.0 kN/m?, the mass load intensity per square metre of the slab is extracted
by multiplying the slab thickness by its density. For a thickness of 120 mm (0.12 metres), the
dead load of the slab is 0.12 m x 24.0 kN/m? = 2.88 kN/m?.

Secondly, Type P1 floor slabs are subjected to Additional Dead Load (SIDL) specified
in the planning documents at 1.32 kN/m?. This load is the accumulation of static mass from
non-structural architectural elements and utilities permanently installed above and below the
floor slab. In the context of hospitals, these SIDL components include floor levelling screed,
floor covering materials such as special anti-bacterial ceramics or medical vinyl insulation,
the weight of the frame and acoustic gypsum ceiling panels underneath, and most
significantly: the Mechanical, Electrical, and Plumbing (MEP) installation systems that
support hospital operations. MEP installations in hospitals are highly complex, including
central negative pressure air conditioning (HVAC) systems, central medical gas pipes
(oxygen, nitrous oxide, vacuum), and high-voltage cable lines for radiology equipment, all of
which are suspended from the intrados of the floor slab. The total dead load (qD) that works
constantly is the accumulation of DL and SIDL, which is 2.88 + 1.32 = 4.20 kN/m?.

Third, the determining parameter that distinguishes commercial building design from
healthcare buildings is Live Load (LL). Based on planning data that references SNI
1727:2020, the live load of floors is set at an exceptionally high intensity, namely 7.188

kN/m?. This figure represents a combination of the load from crowds of medical personnel,
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patients, visitors, and the mobility of heavy wheeled medical equipment such as mobile X-
ray machines, incubators, patient hoists, and stacks of electromechanical hospital beds. This
high figure is also designed as a mitigation measure for dynamic impact loads during the
evacuation of emergency patients through corridors during the panic caused by the earthquake
in Palu.

Based on SNI 1727:2020 Article 2.3.2, to ensure structural safety against uncertainty in
estimating actual loads, the service load must be increased by a load factor to form a
combination of ultimate gravity loads. The basic load combination used to find the maximum
stress on the slab due to pure bending without earthquake intervention (extreme service
gravity conditions) is U = 1.2 DL+ 1.6 LL. The use of a factor of 1.2 for dead load anticipates
the possibility of deviations in the thickness of the concrete cast in the field due to formwork
deflection, while a factor of 1.6 for live load takes into account the possibility of extraordinary
crowds during emergency medical evacuations.

The mathematical procedure for calculating load amplification is summarised in Table
42 below. This table presents the sequential evolution of load calculations from service
intensity to obtain a Factorised Ultimate Design Load (qu) of 16.541 kN/m?, which will be
the uniform distribution load as the basis for static analysis in the subsection on force

calculations.

Table 42 Recapitulation of Gravity Loading and Combinations of Factored Loads on Type

P1 Slabs
Load COfnp.onent Notasi | Calculation Formula | Result Unit
Description
qun inal Floor Slab h Based on Planning Data | 0,12 m
Thickness
Normal Reinforced Concrete . 5
Specific Weight Ye Typical SNI 24 kN/m
Dead Load of Slab Weight DL 0.12 m x 24.00 kN/m3 2,88 kN/m?
Total Accumulated Dead According to Planning )
Load for Service Use SIDL Data 1,32 KN/m
Total‘ Live Load Intensity for @ 2,880 + 1,320 42 KN/m?
Service Use
FDae;irLoad Amplification q Based on SNI 1727:2020 | 7,188 | kN/m?
Live Load Amplification o Combination Regulations 12
Factor D SNI 1727:2020 ’
Ultimate Design Load o Combination Regulations 1.6
Capacity L | SNI 1727:2020 ’
Load Component Description | qu 1.2 (4,200) + 1.6 (7,188) | 16,541 | kN/m?

Author: Yoda Karunia Kuntoro, B.Eng.



133

9.1.4 Internal Force Analysis Methodology: Determination of Two-Way Plate Moment
Coefficients

The moment coefficient theory and empirical tables are intended to provide a rational
basis for why the plate load is distributed through certain proportions. This description
conceptually describes the relationship between the plate span ratio and the dimensionless
numbers in Table 43 that follows.

The next crucial step in the design of two-way slab elements is the translation of the
uniformly distributed gravity load (qu = 16.541 kN/m?) into a force response in the form of a
design bending moment per unit width. Since this Type P1 slab is supported by a network of
interior and exterior beams on all four sides, and has a span length to span width ratio (ly/1x)
of 1.5, flexural curvature will occur simultaneously on two orthogonal axes. To manually
resolve the highly complex two-way plate deflection differential equations, reinforced
concrete technical standards permit the use of a simplified empirical approach through the
Moment Coefficient Method. This method, which has been historically recognised in PBI
1971 and is equivalent to the practical design principles of SNI 2847:2019, uses coefficient
tables derived from elastic plate analysis with various boundary conditions.

The basic assumption applied to Type P1 is that the panel is in a state of elastic clamping
around its perimeter. When uniform pressure due to gravity acts on the panel area, the plate
will deflect into a bowl shape. Rotational deformation at the edges of the panel will be
partially restrained by the torsional stiffness of the secondary beams and the primary support
beams, thereby generating a negative moment along the support line. Conversely, downward
curvature deformation at the centre of the panel area generates tensile stress in the lower
fibres, which is defined as a positive moment in the field.

Based on orthotropic plate theory, the load transferred to the shorter span (X-axis
direction, 4.0 m) will be much greater than the load transferred to the longer span (Y-axis
direction, 6.0 m) because the plate elements are much stiffer in resisting bending in the shorter
span. The direct consequence of this relative stiffness distribution is that the moment-
determining coefficient for the X-direction will necessarily be proportionally greater in value
than the Y-direction coefficient.

In accordance with the initial planning data provided for a ratio of 1.5, four specific
coefficient constants (X) were established. These coefficients dictate the intensity of moment
distribution for four critical review zones: negative moment at the short span boundary (Xtx),

positive moment at the centre of the short span direction panel (XIx), negative moment at the
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long span boundary (Xty), and positive moment at the centre of the long span direction panel
(Xly). These numbers have no units and serve solely as proportional ratios of the total area
load function to be reduced to the moment magnitude.

Table 43 below outlines the mapping of these four empirical moment coefficients. The
number 76 at the X-direction support (Xtx) clearly validates the above mechanical theory,
where it represents the highest fractional percentage of moment located on the shortest

stiffness path that attracts maximum bending strain concentration.

Table 43 Recapitulation of Two-Way Plate Moment Coefficients (ly/Ix ratio = 1.5)

Description of Critical . o Coefficient Emp irical
View Direction Span . Fixed
Flexural Zones Notation
Value (X)

Support Zone / Plate Edge | Short (X-axis Xix 76
(Negative Moment) Direction)
Field Zone / Plate Centre | Short (X-axis Xlx 16
(Positive Moment) Direction)
Support Zone / Plate Edge | Long (Y-axis Xt 57
(Negative Moment) Direction) Y
Field Zone / Plate Centre | Long (Y-axis X1 36
(Positive Moment) Direction) Y

9.1.5 Calculation of Factored Design Moment (Mu) Based on the Coefficient Method

This dimensionless coefficient with flexural moment parameters explicitly describes the
steps of the mathematical equations of structural mechanics. The formula-by-formula
explanation describes the interrelationships of the conversion process, the results of which are
comprehensively recorded in Table 44 at the end of the subsection. To convert a uniform
planar load into a force quantity in the form of a bending moment that can be used to design
steel reinforcement per metre of plate length (per 1 metre of plate length), the mathematical
formula that applies in the coefficient method is:

Mu = 0,001 x q_ux (Ix)* x X

There is a critical element in this equation that requires further explanation. The squared
length parameter is universally denoted by Ix (shortest span), not ly, even though we are
calculating the moment for the Y-span direction. The uniform use of the constituent (1x)? is
required to ensure that the compatibility of deformation at the intersection between the X-axis
and the Y-axis in the centre of the plate remains geometrically satisfied, so that the moment is

calculated based on the same main deflection line reference. The scalar 0.001 is a unit
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conversion constant that calibrates the numbers from the empirical percentage table to convert
them into engineering moment units (kilonewton-metres per metre of span width, or kKNm/m).

Entering the ultimate load factor: qu = 16.541 kN/m? and dimensions (Ix)* = (4.0 m)* =
16.0 m? into the mathematical framework, the base constant of this plate is:

Base Constant = 0,001 x 16,541 x 16,0 = 0,264656 kKNm/m

The value of this base multiplier constant is then distributed to each coefficient fraction
to obtain four extreme moments that become design parameters (design loads). The details of
the internal bending force calculation are executed as follows:

1. Short Span Support Moment (Mtx)

This represents the dominant negative moment acting to pull the fibres parallel to the

X-axis, centred on the edge line of the beam. As the point of highest stiffness, it produces

the greatest absolute force.

Mtx = 0,264656 x Xtx = 0,264656 x 76 = 20,114 kNm/m
2. Short Span Field Moment (MIx)

Represents positive bending moments at the centre of the parallel cross-section in the

X-direction. Given that the main load is borne by the X-direction support and the entire

Y-plate area, the value is drastically reduced.

Mix =0,264656 x XIx = 0,264656 x 16 = 4,234 kNm/m
3.  Long Span Directional Support Moment (Mty)

Negative moments occur at the edges of the long span in the Y direction. Although the

panel is longer, the torsional deflection relative to the Y support line is smaller than in

the X direction.

Mty = 0,264656 x Xty = 0,264656 x 57 = 15,085 kNm/m
4.  Longitudinal Field Moment (Mly)

Reflecting the positive moment on the longitudinal axis of the parallel panel of the Y

line in the field zone.

Mly = 0,264656 x Xly = 0,264656 x 36 = 9,527 kNm/m

The results of systematic calculations of bending forces that will determine steel
requirements at the reinforcement stage are summarised in the matrix representation in Table
44 below. Evaluation of the moment results confirms that the design will be controlled by the
capacity of the X-direction reinforcement, where even the smallest capacity deficit at this

point can result in the early formation of a plastic hinge in the hospital floor element.
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Table 44 Recapitulation of the Results of the Analysis of the Factored Moment (Mu) per

One Metre
Position of Force in Svmbols Basis Multiplier | Coefficient hl/{g;?litl;t Unit
Moment y (0,001)(qu)(Ix2) | Value (X) (Mu)
Negative Moment of
Support in Direction X | M 0,26466 76 20,114 | kNm/m
Positive Moment of
Field in Direction X | VX 0,26466 16 4234 | kNm/m
Negative Moment of
Support in Direction Y Mty 0,26466 57 15,085 | kNm/m
Positive Moment of
Field in Direction Y Mly 0,26466 36 9,527 kNm/m

9.1.6 Main Flexible Reinforcement Design: Implementation of a Double Reinforcement
System (BjTS 550, D19)

The fulfilment of these structural criteria is an essential part of the overall design,
transforming intangible styles into measurable physical material specifications. The design
requirement to implement extreme-grade BjTS 550 reinforcing steel combined with 19 mm
diameter (D19) giant bars in a double reinforcement matrix on a narrow 120 mm cross-section
i1s a special engineering procedure. This complex combination is intentional to provide
adequate reserve flexural stiffness capacity for the performance of the hospital's rigid seismic
diaphragm. This subsection is broken down into partial computations to address each

reinforcement control parameter based on the Whitney stress block rule from SNI 2847:2019.

9.1.6.1 Evaluation of Effective Cross-Section Height (d) and Reinforcement Density
Analysis (Constructability Issue)

The effective height calculation below describes in detail the physical space allocation
within the plate. This spatial explanation of cross-reinforcement is crucial to understanding
why the dx and dy parameters differ, even though the plate thickness is uniform, which
directly affects the flexural capacity value in the area requirement calculation subsection.

Two-way plate construction requires reinforcement to be laid crosswise in orthogonal
layers. Consequently, the steel layer in one axis will overlap above or below the steel layer in
the cross axis. Since the X-axis moment (Mtx) nomenclature records the highest intensity,

standard engineering design practices will prioritise placing the X-axis reinforcement as close
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as possible to the outer surface of the concrete (after a 20 mm concrete cover) in order to
obtain the largest possible internal lever arm. Conversely, the Y-direction reinforcement is
placed adjacent to the inner layer, resulting in a constant effective height deficit equal to one
diameter of the X-direction reinforcement.

The effective height of the cross-section that transfers bending is measured from the
extreme concrete compressive fibre point to the centreline of the tensile steel reinforcement
area. By modelling the installation as double symmetrical (top and bottom):

1. Effective Height of Outer Layer Reinforcement (X-axis direction, dx)

The moment arm perpendicular to the X-direction is determined by eliminating the

thickness of the concrete cover and penetrating half the diameter of the main flexible

reinforcement D19.

dx=h-c—(0.5)(Dr)

dx =120 mm - 20 mm — (0.5)(19) = 90,5 mm
2. Effective Height of Deepest Layer Reinforcement (Y-axis direction, dy)

The Y-direction moment arm loses additional depth because the stem is spread out

resting on the D19 layer in the X direction.

dy =h - ¢ - D (X-direction reinforcement) — (0.5)(Dr Y-direction reinforcement)

dy =120 mm - 20 mm - 19 mm - 9,5 mm = 71,5 mm

A crucial implication of applying two layers of D19 reinforcement (upper and lower
double mesh) to the 120 mm slab must be evaluated at this point. The calculation of the
vertical void spacing (clear cover or core clearance) in the middle of the slab after deducting
the concrete cover and four stacks of D19 steel cross-sections (X-top, Y-top, Y-bottom, X-
bottom) is:

Core Free Space = 120 - 20 (concrete blanket) - 20 (underground concrete blanket) - (4

x 19)

Core Free Space =120 - 40 - 76 =4 mm

A vertical gap of 4 millimetres between the upper and lower reinforcement layers
creates a massive viscosity barrier to the flow of conventional concrete paste. Concrete with
a strength of f'c 35 MPa and standard coarse aggregate of 10 mm - 20 mm gravel is physically
impossible to penetrate a gap as small as 4 mm without causing honeycombing. This spatial
analytical fact demands a non-conventional solution; technical implementation in the field

absolutely requires a casting method that uses Self-Compacting Concrete (SCC) with micro-
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aggregates (high-viscosity concrete grouting micro-aggregates) or a revision of the maximum
aggregate size limitation to below 4 mm in the designed mixture. Although this fabrication
reality has the potential to be problematic, the mathematical procedures for calculating
internal forces and cross-sectional stresses in this technical report are assumed to remain

precise following the given absolute dimensional parameters.
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9.1.6.2 Determination of Minimum Reinforcement Ratio Based on SNI 2847:2019

This steel limitation regulation systematically describes how the physical properties of
high-strength steel mathematically alter the plate area rules. This step serves to describe the
relationship between the fulfilment of the ratio to be executed across the entire range of the
plate's X-direction moment, where the stress is very low.

Building code requirements set limits on the minimum amount of steel material that
must be inserted into concrete to control the expansion of cracks caused by temperature
fluctuations and volume shrinkage mechanisms during the concrete hydration drying phase.
SNI 2847:2019 Regulation Article 7.6.1.1 separates the formula based on the yield strength
of the steel material. For conventional threaded steel (< 420 MPa), the ratio is set at 0.0020 to
the gross cross-sectional area (Ag). However, because the specifications require the use of

high-grade BjTS 550 steel (fy = 550 MPa), the minimum reinforcement ratio (ppin) is derived
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proportionally inversely to the steel yield stress and the largest value of the two test criteria is

selected:

First Criterion (Proportional Reduction of Upper Limit 420):

_0,0018 x 420 _ 0,0018 x 420
1 fy 550

=0,0013745

Second Criterion (Absolute Lower Threshold):
p, =0,0014

With quantitative comparison, the value 0.0014 is more dominant than 0.0013745.
Therefore, the minimum steel ratio parameter for the plate is set at p,;, = 0.0014. Based on
this threshold, every one-metre section of the plate's cross-section must contain at least the
following amount of reinforcement material::

As,min=ppin xbxh

As,min = 0,0014 x 1000 mm x 120mm = 168,0 mm?*/m

On the other hand, the analytical reduction strength parameter for flexural design () is
set by SNI at a value of 0.90 because the plate cross-section is assumed to behave in a purely
elastic tensile manner due to the slenderness of the plate. The Whitney equivalent compressive
stress block (f;) for concrete with a compressive strength of 35 MPa decreases from the

maximum limit of 0.85 with a ratio of:

B1 = 0.85-0,05(=%)

7
35-28

B, =085 - 0,05 ( ) = 0,80

The comparison constant value that relates the ratio of steel yield stress to concrete
cylinder compressive stress (m) is a constant parameter that facilitates the integration of the

quadratic formula for single plate capacity.

f 550
m=——= = 18,487
0.85 fcr 0.85 x 35

9.1.6.3 Calculation of Reinforcement Area Requirements in Support Zones and Fields

The computation, divided into four segments in this moment review, describes the

differential equations of tensile area. This analysis specifically describes the mathematical
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details for obtaining the theoretical steel area (As,req), the correlation of which will be
summarised in Table 45 at the end of the flexural reinforcement section.

Although conceptually the slab structure is designed as a complete "double
reinforcement" installed evenly, the initial verification of the cross-section must be tested on
the dominant tensile side (bottom on the field and top on the support) individually, to ensure
the elasticity of the tensile steel. This iterative strain analysis method is executed through the
evaluation of the nominal moment resistance coefficient required for the concrete cross-
section (Rn).

1. Analysis of Moment Requirements in the X Direction (Mtx = 20,114 kNm/m)

The evaluation begins with the most critical point in the plate curvature diagram. The

effective height of the X-axis, dx = 90.5 mm, is substituted to calculate the fictitious

bending stress in the cross-section compression block.

o Mx
Rn = ¢ x b x (dx)?
6
Rp = — 20:114x (10)° Nmm =2,729 MPa

0,90 x 1000 mm x (90,5 mm)?2

From the Rn stress, the percentage fraction of tensile reinforcement parameter (preq) 18

sought through the resolution of the discriminant ratio of the bending block strain

function.:

_(1 _ _ (2)(m)(Rn)
orea = () (1= J1 - 5)

(1 _ _ (2(18487)(2,729) | _
Preq = (18,487) <1 \/1 550 > 0,00521

Verification: Since the area preq (0.00521) is above the minimum threshold value
Pmin (0.0014), the steel reinforcement area needs to be calculated purely from the
mathematical stress ratio results:

As,req(tx) = preq X b x dx

As,req(tx) = 0,00521 x 1000 x 90,5 =471,5 mm?%/m

2. Analysis of Y-Direction Support Moment Requirements (Mty = 15,085 kNm/m)

The Y direction, despite bearing a smaller moment load, suffered a fatal loss from the
decrease in the effective height of the bending moment arm to dy = 71.5 mm, increasing

the concrete stress demand more steeply.
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_ 15,085 x (10)® N.mm
0,90 x 1000 mm x (71.5 mm)2

= 3,278 MPa

The reinforcement ratio requirements for the shortened cross-section have increased:

_ 1 _ _ (9(18,487)(3,278) | _
Preq = (18,487) <1 \/1 550 ) 0,00633

Verification of the area preq is satisfactory, because 0.00633 is greater than the number
Pmin (0.0014).
As,req(ty) = preq X b x dy
As,req(ty) = 0,00633 x 1000 x 71,5 = 452,6 mm*/m
3. Analysis of Y-Direction Field Moment Requirements (Mly = 9,527$ kNm/m)
At the centre of the plate extending in the Y direction, positive tensile stress is evaluated

using dy = 71.5 mm.

9,527 x (10)® N.mm
0,90 x 1000 mm x (71.5 mm)?2

(1 _ _ (2(18487)(2,070) | _
Preq = (18,487) <1 \/1 550 ) 0,00390

As,req(ty) = 0,00390 x 1000 x 71,5 = 278,8 mm?/m
4. Analysis of Moment Requirements in the X Direction (MIx = 4,234 kNm/m)

Rn = =2,070 MPa

The smallest tensile stress resides in the middle of the shortest span due to the transfer
of the dominant load area being absorbed by the support torque. Using a fictitious height
of dx =90.5 mm:

Rp = 4,234 x (10)° N.mm
0,90 x 1000 mm x (90.5 mm

. 1 _ _ (2)(18,487)(0,574) _
Preq = (18,487) <1 \/1 550 ) 0,00105

7= 0,574 MPa

Empirical comparisons indicate that the analytical requirement ratio for field moment
X (preq = 0.00105) falls drastically below the thermal shrinkage crack requirement of SNI
550 MPa tensile steel pi, = 0.0014). Building standards stipulate that this cross-section
design cannot be executed based on a ratio of 0.00105, but must use the minimum area

substitution derived in the previous session, namely As,min = 168.0 mm?*/m.
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9.1.6.4 Determination of Configuration and Spacing of Installed Reinforcement

The summary of the calculations below describes specifically the selection of bar
spacing per 20 centimetres and describes its relationship with Table 45, which shows the
significant over-capacity of the plate due to the application of a double matrix system. The
structural capacity of a single unit of 19 mm diameter solid threaded steel bar provides a very
high cylindrical cross-sectional area (Ab):

Ab = (0.25)()(19)* = 283,5 mm2

If the design is dictated by exclusive economic considerations at the highest critical
stress point (Mtx requires 471.5 mm2/m), then theoretically, the central free space gap (Stheory)

between each D19 element at this point can reach a very loose tension level:

S _ looomm 1000 x 283,5
theory As,req(tx) 471,5

=601,2 mm

However, SNI 2847:2019 Article 7.7.2.3 imperatively stipulates the maximum
placement distance limit for one or two-way non-prestressed flexible elements between 2h
(twice the thickness of the concrete slab) and a static distance of 450 mm. Given that the slab
thickness h = 120 mm, the maximum reinforcement density restriction limit permitted by the
standard is:

Smaks = 2 X 120 mm = 240 mm

Furthermore, the functional integration of plate elements in the load-bearing structure
of double earthquake-resistant buildings requires solid diaphragm cohesion to transmit inertial
shear forces from the exterior beams to the internal shear walls (core walls) proportionally.
Excessively wide spacing can trigger in-plane cracking or boundary tearing during extreme
MCE vibrations.

Accommodating all of the above aspects, the final engineering decision was
standardised into a D19-150 mm matrix span configuration. This D19-150 pattern is arranged
in two intersecting directions on the upper layer (to withstand negative loads) and is
identically rearranged on the lower layer (to withstand positive loads), thereby realising
double reinforcement conditions. Based on the total reinforcement area executed in the actual

installation (As,prov):

As,prov = (1000 mm)(263,5 mm2) _ 1417,5 mm2/m

200 mm
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A summary of this reinforcement rationalisation is compared in the matrix in Table 45
below. The excess provision of installed reinforcement area (1417.5 mm?) over the highest
requirement (471.5 mm?) may appear to be a material cost inefficiency or over-design in a
standard commercial structure. However, this increase in section stiffness is a justified
defensive response to the building's Risk Category IV to avoid shear-flexural collapse,
provide a ductility reduction reserve ratio, and massively increase the cracked moment of

inertia of the 120 mm thin slab.

Table 45 Comparative Recapitulation of Area Requirements and Actual Design of Double
Flexural Reinforcement Spacing (Steel Grade BjTS 550, D19)

, Theoretical SNI Actual
Location of .. . . Installed | Execution .
Minimum Computational | Maximum Conclusion:
Plate . . System Area
Requirement, Tolerance Spacing . Boundary
Curvature L Specifica- Profile
As,req Space (mm) | Limit (2h) . Strength
Segment (mm?*/m) (mm) tions As, prov
(mm?/m)
X-axis ;%It)tfm (S)gsgiile/
Support 471,5 601 240 . 1417,5 : y
Zone Layers: Rational
D19 - 200 Overdesign)
Y-axis ET;;I:tng gel?sr(rfiitzl/
Support 452,6 626 240 : 1417.5 . y
Zone Layers: Rational
D19 - 200 Overdesign)
Top & OK (Safe /
X-axis Field 168.0 ~ 1000 240 Bottom 1417.5 Sels.mlcally
Zone Layers: Rational
D19 - 200 Overdesign)
Top & OK (Safe /
Y-axis Field 278.8 1016 240 Bottom 1417.5 Selgmlcally
Zone Layers: Rational
D19 - 200 Overdesign)

9.1.7 Evaluation of Shear Capacity and Shear Reinforcement Design for Slabs (BjTS
550, D12)

This evaluation of shear failure describes the fundamental reasons for installing
stiffeners in thin slabs. The following explanation provides a comprehensive explanation of
the quantitative figures consolidated in Table 46, demonstrating the significance of D12 in
maintaining the rigid diaphragm of the hospital's double system.

The design of 120 mm plate elements in normal reinforced concrete buildings usually
assumes that the compressive strength of the concrete itself is sufficient to dampen the entire

vertical shear intensity profile (unidirectional shear) without the need for transverse steel
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shear profiles (stirrups). However, this construction identity refers to SNI 2847:2019 Article
22.5 regarding shear stress collapse evaluation. The shear force at the support (the area in
direct contact with the concrete beam or central column) needs to be calculated to ensure that
the gravitational load does not tear the concrete fibre matrix in the clamped area.

This unidirectional shear mathematical analysis takes the average high efficiency

parameters from both orthogonal axes:

dx+dy 90,5mm+ 71,5 mm
2 2

davg = = 81,0 mm
For concrete material type with f'c = 35 MPa coated with normal specific gravity (A =
1.0), the theoretical shear strength tolerance per metre of concrete cross-section independently

(Vc) is calculated based on the formula:
Ve=0,17xAc+/f'cXxb X dave
V ¢c=0,17x 1,0 x V35 x 1000 mm x 81,0 mm = 81,46 kN/m

The nominal reduction factor for shear force (¢) based on SNI provisions for diagonal
cracking shear is 0.75. The modified shear resistance capacity becomes:

¢$Vec=0,75 x 81,46 kN/m = 61,09 kN/m

On the other hand, the maximum worst-case shear stress profile induced by the total
floor load (qu = 16,541 kN/m?) along the direction of beam X placement is estimated from
the integration of the influence line equation.:

Vu=0.5xquxIx=0,5x 16,541 x 4,0 =33,08 kN/m
¢ Ve (61,09 kN/m) exceeding the expected shear displacement of Vu (33.08 kN/m).

Based on the law of pure flexural-shear mechanical resistance, the presence of transverse

shear reinforcement steel in this frame is definitely not mandatory.

Author: Yoda Karunia Kuntoro, B.Eng.



4.0 m (Width)

145

D19-150 (19mm dia. @ 150mm c/c) D12-200 (12mm dia. Stirrrup Phi@

Uniform Mesh, Top & Bottom Layers 200mm c/c, Staggered every 400mm)
b 1 N 1
} | e I
' & & - D19-150 (19mm dia. @
"/_ 150mm c/c) Uniform
Mesh, Top & Bottom
Layers
D12-200 (12mm dia
Stirrup Pin @ 200mm c/c.
Staggered every 400mm)
E
L&)
8
-
Top-Down Pran View
" Schomalic Mapping of
Orthogonal Two-Way
Top & Bottom Layers
N
} ®
'l
.
[ 6.0 m (Length) |

Figure 29 Plan Layout (Top View) of Uniform Matrix Distribution of Double Layer
Reinforcement Mesh for Vertical Sliding Pin Installation

However, the architectural design parameters include instructions for installing BjTS

550 grade, D12 diameter shear reinforcement bars throughout the P1 Type slabs. The

incorporation of massive shear reinforcement into a structure as small as 120 mm has a critical

non-mathematical rationale in the context of earthquakes in the Palu region:

1.

Structural Diaphragm Fasteners (Crossties): Considering the issue of an internal gap of
as little as 4 millimetres in the D19 double mesh discussed in section 9.1.6.1, the
presence of D12 vertical cross-profile fasteners serves to rigidly stitch the upper plate
matrix to the lower plate matrix. This fastening reduces the probability of cross-section
splitting due to the overturning pressure of the beam from the rotation intervention of
the Special Moment Frame System when hit by lateral cyclic acceleration waves..
Transverse Strength of Fracture Zones: Concrete slabs without inherent secondary shear
protection will fracture like brittle materials when subjected to very strong out-of-plane
vibration forces. D12 pins configured vertically with 135° angle locking bends (in
accordance with the spacing and locking limitations of SNI 2847:2019) will delay the
collapse time.

To balance the functional efficiency of this structural fastener with access to the concrete

pumping space, which is severely compromised by the dense D19 cluster, it is recommended

that the D12 pin fasteners be distributed evenly rather than concentrated, forming a neat pin

grid in a two-dimensional layout with a fixed spacing interval of 400 mm diagonally or

orthogonally.
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Table 46 summarises the justification parameters and engineering specifications for the
installation of D12. This conclusion aligns with the mathematical fact that pure plate shear is
actually adequate, but the adjustment of the cross-tie function is a rational and logical seismic

mandate in maintaining the integrity of the plate after an earthquake in this 10-storey hospital.

Table 46 Comparative Analysis of Vertical Force Displacement and Utilitarian Parameters of
Shear Reinforcement (D12)
Description of Shear Final Conclusion

Integration of Mathematical o . .
Strength Control Calculation Model Projection / Design

Parameters Conclusion
Prediction of Pure 0.75x0.17 x V35 MPa x 1000 mm x | 61.09 kKN/m per
Concrete Strength .

81.0 mm slab width

Capacity (¢pVc)
Projection of Extreme
Shear Force Distribution

0.5 x 16.541 kN/m? x 4.0 m (Short 33.08 kN/m per

(V) Span) slab width
. o Ratio = 0.542
Shear Strain Stability |\, (33 08) divided by dbVe (61.09) | (Quantitatively
Ratio Test
Safe)
ng lity of Vertical Building Material Specification BjTS 550 Threaded
Reinforcement for Shear . .
. Standards Reinforcing Steel
Resistance
Dominant Functionality Functions as

of Shear Steel in the M1t1ga"[1on'of Dla}phragm Matrix Crossties / Vertical
Delamination Failure

Field Pins

Co'nsmtency of . Distributed Orthogonal Grid Point Area Spacmg
Reinforcement Spacing Inteoration Configuration: D12
Arrangement Scheme & - 200 x 200 mm

9.1.8 Serviceability Control: Evaluation of Deflection and Long-Term Integrity

This subsection describes long-term post-construction safety performance, namely
deflection control or serviceability domain. In SNI 2847:2019, the absolute thickness of slabs
using high-quality steel (such as BjTS 550, which can produce much longer elastic tension
than 280 or 420 steel) is generally required to be thicker to control the visible vertical
deflection caused by its yield stress strain. These P1-type hospital plates only have a physical
depth of 120 millimetres, a very conservative figure when viewed independently from the
perspective of shrinkage strain control. Transient elastic deflection and long-term viscoelastic
creep deflection over a 50-year lifespan are highly susceptible to exceeding the normal L/360
tolerance if it only bears positive bending on the lower layer.

However, the theoretical deflection in this case was remarkably restrained thanks to the

oversupply characteristics in the application of the full D19-200 double reinforcement system
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formation. The presence of compression reinforcement in the upper fibre portion of the central
span slab (field) drastically slows down plastic volume shrinkage and reduces the long-term
creep phenomenon of the high-quality concrete cement matrix. The presence of this giant D19
steel matrix also boosts the cracked moment of inertia resistance of the slab (Icr) of the narrow
slab to simulate the inertia deflection stiffness characteristics that essentially resemble the
equivalent behaviour of pure concrete without cracks in a 150-180 mm thick slab profile.
Thanks to this rational, abundant configuration, the natural stiffness of the cross-section will
sufficiently meet all service deflection limit expectations (preventing compression of the
evacuation corridor) while preventing the risk of dynamic deformation in the surgical air
conditioning installation in the ceiling intrados without requiring protracted integral

verification of double analytical curvature.

9.2 Planning for 100 mm Concrete Slab (Type P-2)

The planning of roof slab structures (concrete slabs) in high-rise healthcare facilities,
particularly in areas with extreme seismic risk such as Palu City, Central Sulawesi, requires a
comprehensive structural engineering evaluation and analytical mechanical analysis. The city
of Palu, which is traversed by the active Palu-Koro fault, has very high ground acceleration
characteristics, which often trigger seismic wave amplification phenomena in soft soil layers
(Site Class SE) and historically proven liquefaction threats. In the context of the Dual System
design, which combines a Special Moment Resisting Frame (SMF) and Special Reinforced
Concrete Shear Walls (Special RC Shear Walls), floor slabs and roof slabs play a crucial role
that goes beyond their traditional function of supporting gravitational loads. Roof slabs must
be engineered to act as rigid horizontal diaphragms to transfer seismic inertial forces
proportionally to vertical lateral load-bearing elements. Therefore, this subsection is
specifically dedicated to comprehensively, structurally, and thoroughly describing the
mechanical analysis and manual calculations for 100 mm thick concrete slab elements
(referred to as Type P-2).

The use of roof slabs with a thickness of only 100 mm in this 10-storey building
structure is a highly specific engineering strategy that presents numerous technical challenges.
From a structural dynamics perspective, reducing the mass at the highest level of the building
(roof floor) is highly advantageous mathematically and physically. Earthquake base shear is
directly proportional to the total reactive mass of the structure, and the mass at the highest

elevation contributes to the most significant overturning moment and interstory drift. By
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reducing the thickness of the roof slab to 100 mm, the design engineers effectively cut the
peak inertia forces that must be borne by the base shear walls and ground floor columns.
However, on the other hand, this very thin thickness requires very strict deflection verification
and reinforcement strategy adjustments through the application of a double reinforcement or
dual mesh system to ensure that structural integrity, flexural capacity, and shear capacity are
maintained without sacrificing durability and constructability in the field.

All stages of internal force calculations in this subsection will be performed manually
using the moment coefficient method permitted for two-way slab system design, followed by
an evaluation of elastoplastic flexural capacity, concrete shear capacity, and reinforcement
detail justification. This analysis will refer to the SNI 1727:2020 loading standard to define
gravitational loads, the SNI 2847:2019 structural concrete requirements standard for cross-
section strain mechanisms, and consider seismic interactions in accordance with SNI

1726:2019 procedures.

9.2.1 Design Criteria, Mechanical Properties of Materials, and Cross-Section Geometry

Before performing numerical calculations of mechanics and forces, the definitions
related to material parameters and structural geometry must be explicitly established and
justified. The material specifications used for this hospital building project in Palu were
selected considering the requirements of very high flexural strength, resistance to cyclic
fatigue, and adequate strain ductility to respond to inelastic deformation during a strong
earthquake (maximum considered earthquake). The description of these material
specifications and geometric data serves to provide limits on the range of elastic and plastic
stresses allowed during the Whitney section analysis simulation.

A detailed description of the parameter elements presented in Table 47 below, as well
as a description of the direct relationship between these specifications and the structural
response of Type P-2 slabs. The first parameter specified is the concrete compressive strength
(f'c) of 35 MPa. The selection of medium-high grade concrete provides structural advantages
in the form of an increase in the intrinsic shear strength capacity of concrete (Vc) and an
increase in the elastic modulus of concrete (Ec). The empirically estimated value of Ec is
470035 ~ 27,805 MPa, which will significantly reduce the probability of immediate
deflection and long-term deflection in this very thin slab element. The high flexural rigidity
(EI) of this 35 MPa concrete acts as a partial compensation for the loss of polar moment of

inertia (I) due to the plate thickness of only 100 mm.
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The second parameter is the use of Fin Reinforcing Steel (BjTS) with a yield strength
(fy) of 550 MPa. The use of this high-strength steel represents the adoption of modern
materials in earthquake-resistant construction standards. Within the corridor of SNI
2847:2019, the use of steel with a yield strength of 550 MPa is highly recommended to reduce
rebar congestion, but this requires proportional adjustment of the minimum reinforcement
ratio and strict monitoring of the yield strain (&, ~ 0.00275). A higher yield strain means that
the concrete cross-section will experience slightly wider tensile cracks before the steel begins
to fully take over the stress. Therefore, this slab must be configured using a double
reinforcement system (top and bottom) with a main rebar diameter of D12 to control crack
width and resist shrinkage. The geometric parameters include the evaluated clear span of the
slab panel, namely the long span (ly) of 6.0 metres and the short span (1x) of 4.0 metres. This
span ratio classifies the panel as a two-way slab. Furthermore, the concrete cover thickness is
set at 20 mm to provide alkaline passivation protection against corrosion threats, considering

that the roof area is susceptible to hydro-climatological moisture penetration.

Table 47 Material Planning Parameters and Roof Slab Geometry (Type P-2)

Technical . o .
Planning Notation | Value | Unit Technical D.escrl.ptlon and
Justification
Parameters
Characteristic .
Concrete Ensures adequate elastic modulus for
. fic 35 MPa seismic diaphragm stiffness and
Compressive reduces cree
Strength p-
BjTS 550 Steel Quality (High
Yield Stress of Strength Threaded Reinforcement) to
. . fy 550 MPa Lo . .
Reinforcing Steel minimise reinforcement ratio
congestion.
Total Floor Slab Extremely thin Qesygn for roof slabs
. h 100 mm to reduce the seismic mass of the
Thickness P
building.
Long Span Panel Longest span of slab panels between
ly 6 m
Span columns/beams.
Short Span Panel Shortest span of slab panels between
Ix 4 m
Span columns/beams.
Indicates that the slab behaves in two
Slab Span Aspect .. I .
Ratio ly / 1x 1,5 - directions (two-way slab action)
because the value is < 2.0.
Clean Concrete . 20 mm Standard SNI corrosion protection
Cover Thickness for protected interior/exterior slabs.
Main Flexural D12 Threads are uniformly applied
Reinforcement D 12 mm to the upper and lower flexible
Diameter reinforcement.
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Technical . . e
Planning Notation | Value | Unit Technical D.escrl.ptlon and
Justification
Parameters
Shear D12 functions as a transverse tie or
Reinforcement Ds 12 mm shear tie to prevent slab
(Tie) Diameter delamination.

The slab is double reinforced
(compression and tension
reinforcement) for long-term
deflection control.

Cross-Section
Reinforcement - Double | -
System

Geometric Plan & Mechanical Behavior Analysis of Two-Way Roof Slab Type P-2
(supported by Flexural Perimeter Beams)
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Figure 30 Geometric layout of Type P-2 roof slab panels

9.2.2 Analysis and Modelling of Gravity Loads Based on SNI 1727:2020

The next fundamental step in the roof slab design evaluation stage is the quantification
of gravity loads that evenly burden the slab structure. Inaccuracy in accumulating and
distributing loads at this stage can cause the slab to experience progressive degradation in
flexural performance and deflection beyond serviceability limits, leading to operational
failure of the building. The load analysis in this hospital project was carried out strictly based
on the criteria of SNI 1727:2020, which regulates minimum design loads and related criteria
for buildings and other structures. The gravity load components on the roof slab are divided
into three main categories: Dead Load (DL), which is permanent and intrinsic; Superimposed
Dead Load (SIDL), which represents architectural materials and fixed utilities; and Live Load

(LL), which is dynamic, temporary, or related to maintenance activities.
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Rationalisation description behind the figures listed in Table 48 below. In the design of
flat roofs for high-rise hospital facilities, the dead load of the main structure comes purely
from the weight of the reinforced concrete itself. Assuming a standard reinforced concrete
specific volume weight of 24 kN/m?, this 0.10-metre-thick slab element will induce a
uniformly distributed gravitational compressive force of 2.40 kN/m?. Furthermore, the
Additional Dead Load (SIDL) is identified as 1.32 kN/m?. This SIDL value does not appear
randomly; it is an empirical accumulation of the weight of the asphalt/membrane
waterproofing layer (approximately 0.28 kN/m?), the installation of mechanical and electrical
(MEP) utilities in hospitals such as medical gas piping and HVAC ducts suspended below the
slab (approximately 0.30 kN/m?), the load of the frame and gypsum ceiling panels
(approximately 0.20 kN/m?), and the protective screed layer for rainwater runoff. The total
dead load accumulation (qp) reaches 3.72 kN/m?. The separation of DL and SIDL identities
is methodologically essential, because in dynamic response spectrum modelling using
software such as ETABS, SIDL is often input as a separate shell load for ease of modifying
the seismic mass source definition of the building.

As for the Live Load on the Roof (qr), the mandated value for design is 0.96 kN/m?.
Based on the guidelines of SNI 1727:2020 Article 4.8 (Table 4.3-1), the minimum live load
for ordinary flat roofs that are not used for residential purposes, roof gardens, or helicopter
landing pads is permitted to use a base load intensity of 20 psf or equivalent to 0.96 kN/m?.
This load represents the expected loading generated during maintenance by workers,
temporary placement of light repair equipment, and minor fluctuations in rainwater
accumulation before it is drained into the drainage system (roof drain). This roof live load can
be reduced under certain conditions based on the tributary area, but for conservative

calculations of individual 6 x 4 metre slab panels, the full load of 0.96 kN/m? s still applied.

Table 48 Recapitulation of Gravity Load Components on P-2 Type Concrete Roofs

Load Type Description of Architectural Geometric Load Unit
Category & Structural Components | Calculation Approach | Intensity
Dead Load Dead Weight of Normal 3 )
(DL) Reinforced Concrete Slabs 0,10 m x 24 kN/m 2.4 KN/m
Additional Waterproofing Layer, Screed, | Accumulation of
Dead Load MEP Installation, Ceiling architectural material 1,32 kN/m?
(SIDL) Frame specifications
Total Dead Accumulation of DL + SIDL
.. + 2

Load (qp) for Load Combination 2,40+ 1,32 3,72 kN/m
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Load Type Description of Architectural Geometric Load Unit
Category & Structural Components | Calculation Approach | Intensity
Live Roof Live Load for Flat Roof In accordance with SNI
L Maintenance (Roof Live 1727:2020 (Table 4.3- | 0,96 kN/m?
Load (q7) Load) 1

After mapping all service load components listed in Table 48, the Ultimate Limit State
design stage requires load amplification through load factors. The Ultimate Load
Combination for the maximum flexible gravity load review condition refers to the LRFD
(Load and Resistance Factor Design) equation specified in SNI 1727:2020. The most
dominant load combination equation for roof slabs that do not carry significant wind loads in
the gravity direction is Combination 2:

qu=12xqgp+1,6 xqL

By substituting the values analysed in detail above, the calculation of the uniform ultimate
load (qu) is described as follows:

qu = 1,2(3,72 kKN/m>) + 1,6(0,96 kN/m>?) = 6,00 kN/m>

The ultimate uniform load of 6.00 kN/m? represents the upper bound stress condition
that is expected to load the roof slab elements during their design life. The stress magnitude
of 6 kN per square metre of the slab area will then be transmitted and distributed into internal
forces (bending moment, angular torsion, and shear force) in two orthogonal directions

towards the surrounding support beams.

9.2.3 Two-Way Plate Mechanics and Calculation of Design Moment Coefficients

The mechanical system of reinforced concrete slabs supported on all four sides by
perimeter beams (as commonly found in Moment-Resisting Frame Systems) experiences
deflection curvature in the form of a dish-like deformation when loaded perpendicular to its
surface. The analysis of internal force distribution in a two-way slab system is highly
dependent on the geometric stiffness aspect ratio between the long span (ly) and the short span
(Ix). Because in this Palu Hospital project, the span ratio of the P-2 Type slab is ly / Ix = 6.0
m / 4.0 m = 1.5, and this value does not exceed the limit of 2.0, this structural element
fundamentally behaves as flexurally curved in two orthogonal axes simultaneously.

There are various numerical computational approaches to designing two-way slabs,

ranging from finite element analysis using software to the yield line theory. However,
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Indonesian concrete construction regulations historically and practically allow the application
of the Moment Coefficient Method, which is derived from Marcus' elastic plate theory or
conventional plate coefficient tables (such as ex-PBI 1971 or historical ACI standard
coefficient tables). This method utilises dimensionless coefficient tables that have integrated
the effects of support continuity on all four sides of the plate panel (whether the plate is fully
clamped, elastically clamped, or freely supported) and the Poisson's ratio of concrete.

To bridge Table 49 with this concept of elastic mechanics, it explains that in the case of
certain interior or exterior clamped plates with a ratio of 1.5, the moment coefficient parameter

(X) extracted from the initial planning data is:

. Koefisien momen tumpuan serat atas arah X (Xtx) =76
. Koefisien momen tumpuan serat atas arah Y (Xty) =57
. Koefisien momen lapangan serat bawah arah X (XIx) =16

o Koefisien momen lapangan serat bawah arah Y (Xly) = 36

The mathematical formulation of the coefficient method distributes fractions of the total
load evenly (qu) by multiplying them by the square of the shortest span (1x2). Intuitively, short
spans always bear a much larger portion of the load than long spans because short spans have
a more dominant flexural stiffness, so that the force path will seek the closest route to the rigid
support. The universal equation for calculating the ultimate flexural moment (Mu) per unit
width of a 1-metre plate is:

Mu = 0,001 x qu x Ix* x X

As an initial algebraic justification for accelerating matrix iteration, we will formulate
a constant basic multiplier factor for all bending moment review points of panel P-2:

Multiplier Factor = 0,001 x qu x 1x2

Multiplier Factor = 0,001 x 6,00 kN/m? x (4,0 m)> = 0,096 kN.m/m

The constant value of 0.096 kN.m/m represents the initial flexural energy distribution
parameter per unit width of a 1-metre plate. The definitive calculations for determining the
ultimate flexural torque (moment) in each span direction (X-axis and Y-axis) are presented

systematically in computational table 49 below.

Table 49 Calculation Results of Ultimate Flexural Moment Distribution (Mu) on P-2 Type
Roof Slabs
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Position of Moment | Coefficient | Value Mathemat.l cal Ultimate .

Stress Revi Notation (X) Formulation Moment Unit
055 Heview otatio (0,096X) Results (Mu)

X-axis Support

(Short Direction) Xtx 76 0,096 x 76 7,296 kN.m/m

Y-axis Support

(Long Direction) Xty 57 0,096 x 57 5,472 kN.m/m

X-axis Field (Short | o 16 0,096 x 16 1,536 KN.m/m

Direction)

Y-axis Field (Long | 36 0,096 x 36 3.456 KN.m/m

Direction)

The phenomenological analysis of the structure of numerical computation in Table 49
can be explained in terms of material mechanics as follows. The highest absolute negative
moment (Mtx = 7.296 kN.m/m) manifests itself in the short-direction boundary fibres (X-
axis). This reality proves the postulate of mechanics that shorter spans have much smaller
deflections and radii of curvature, so that this area will absorb the tensile bending moment
energy in the upper fibres most severely in its attempt to transfer force to the perimeter beams.
This support moment indicates that the upper surface of the slab must be equipped with the
most extensive longitudinal reinforcement area to prevent the propagation of transverse
cracks.

Conversely, on the mid-span side of the field, the bending moment is positive and causes
tension in the bottom fibres of the concrete. A small structural paradox is observed where the
longitudinal bending moment (Mly = 3.456 kN.m/m) is actually greater than the transverse
bending moment (MIx = 1.536% kN.m/m). This is common in certain plate coefficient
distribution systems because the torsional moment equilibrium mechanism at the plate corners
and the corner lift-up effect redistribute the central bending stress asymmetrically. All of the
force figures in this section represent the elastoplastic strength targets that must be addressed
by the reinforcement ratio calculations in the strain compatibility analysis of the reinforced

cross-section in the next design phase..

9.2.4 Evaluation of Minimum Thickness and Long-Term Deflection Control
Mechanisms (SNI 2847:2019)

The selection of slab thickness is the most critical initial design decision variable in
concrete structural engineering. Concrete thickness not only dictates the dead weight of a

building, but is also directly proportional to the flexural stiffness of the element (the gross
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moment of inertia Ig is proportional to the cube of the thickness, h?). Adequate thickness is
the main resistance mechanism of the structure against long-term vertical deflection
deformations due to aggregate creep and concrete shrinkage. In this Type P-2 design, the floor
slab is architecturally and structurally specified to have a pure thickness (h) of 100 mm. As
an instrument for verifying serviceability state reliability, this extreme thickness must be
cross-evaluated against the prescriptive deflection limitation regulations of SNI 2847:2019.

According to the ACI 318-19 standard adopted into SNI 2847:2019 Article 8.3.1.2, for
the specification of conventional (non-prestressed) two-way floor slab systems without
thickening the (drop panels) that are fully supported monolithically on interior and exterior
beams—where the ratio of beam flexural stiffness to slab (o) is estimated to be sufficiently
rigid (af > 2.0)—the minimum empirical thickness limit (hmin) is calculated using the
following formula, which accommodates the effect of high-tension steel strain quality:

fy

b — in(0,8+22-)

36

Parameter In is the longest clear span in the direction of the span panel under review.
For this hospital building, assume that the average width of the perimeter support beams
(SMRF Beams) is 400 mm, then the longest clear span dimension is 6.0 m minus twice the
half width of the beam, which means In = 6000 mm - 400 mm = 5600 mm. By operating the
yield strength of the project specification reinforcement steel fy = 550 MPa, the minimum
thickness expectation value is computed as follows:

5600(0,8+ 550

himin = —“00) =185,5 mm
36

The results of the above normative analytical calculations reveal a very significant
technical anomaly. Based on the prescriptive formulation of SNI 2847:2019, the absolute
thickness of the plate permitted to avoid the iterative non-linear deflection calculation process
is 185.5 mm. However, the actual structural design for Type P-2 specifies an enforced
operational thickness of only 100 mm. There is an extreme thickness deficit of nearly 46%
(or a reduction from 185.5 mm to 100 mm) that has been deliberately engineered into the
conceptual design of this earthquake-resistant healthcare facility.

Why was this anomaly retained? The fundamental decision to retain the use of 100 mm
thin slabs in the highest areas (roof deck) in the case of a 10-storey hospital building in the

Palu-Koro Fault zone was part of an advanced seismic weight reduction strategy. Earthquake
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lateral load (base shear) is a direct function of the reactive weight of the building (V = Cs x
W). Reducing the massive dead weight of concrete in the horizontal elements at the top of the
building is the most effective method of suppressing the centre of mass, reducing the length
of the dynamic torsion arm, and drastically lowering the overturning moment of the structure
when hit by the acceleration of the Palu tectonic seismic wave..

However, the laws of material mechanics cannot be ignored; this extreme reduction in
thickness has fatal consequences in the form of loss of flexural stiffness and susceptibility to
deflection under serviceability limit state loads. To resolve the dilemma between earthquake
mitigation and vertical deformation control, SNI 2847:2019 allows designers to use slab
elements that are thinner than the hmi, limit, with the absolute condition that the slab structure
must be designed with a double reinforcement ratio (simultaneous compression and tension
reinforcement systems along the cross-section). The presence of compression reinforcement
mesh within the concrete compression zone will impede and reduce the molecular plastic
movement of the cement paste (creep), as well as reduce long-term shrinkage crack widening.
This technical-mechanical argument is the main scientific justification for why this 100 mm
Type P-2 roof slab must imperatively use a double reinforcement scheme as declared in the

initial calculation parameters.

9.2.5 Flexural Capacity Analysis and Dual Reinforcement Design (Dual Reinforcement
System)

The design of flexible steel areas in the core section of this report is based on the strain
compatibility method of inclined elastoplastic reinforced concrete cross-sections, by
formulating Whitney's rectangular stress block equivalence. Given that the roof slab load
moment acts simultaneously across two spatial axes (X and Y), the effective static height of
the steel cross-section (moment arm d) for each direction will differ due to the necessity of
cross-stacking (overlapping or superpositioning) of the reinforced steel mesh layers.

The effective depth parameter is drawn to the steel weight line and estimated based on
absolute measurements of total thickness (h = 100 mm), reduction for exterior protective
concrete cover (¢ = 20 mm), and deformation profile diameter dimensions (deformed
reinforcement) D = 12 mm. The stacking position of the reinforcement is arranged in such a
way:

. Effective Height of Short Direction Main Fibre Reinforcement (dx): The reinforcement

in the shortest span direction will always be placed on the outermost layer (closest to
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the concrete cover layer) to maximise the moment arm against the greatest bending
moment.
dx=h-c—(0.5)(D)=100-20-(0.5)(12) =74 mm

. Effective Height of Secondary Fibre Reinforcement in the Longitudinal Direction (dy):
Steel mesh in the longitudinal direction will be placed directly against the rear side of
the X-direction reinforcement layer.
dy=h-c-D-(0.5)(D)=100-20-12-(0.5)(12) =100 - 38 = 62 mm

o Effective Height of Compression Reinforcement (d'): Centre of gravity of compression
reinforcement located on the opposite side of the fibre from the evaluated tension zone.

d'= ¢+ (0.5)(D) = 20 + (0.5)(D) = 26 mm

Analytical observation of the above figures shows that the effective height dy
experiences a rather alarming spatial reduction loss of 12 mm compared to dx. In a 100 mm
thick plate, this 12 mm loss in moment arm height represents a reduction in structural leverage
of more than 16%. As a direct consequence, the nominal flexural capacity of the cross-section
in the Y-direction (long span) will intrinsically experience a significant degradation and
respond with a requirement for a slightly larger projected steel area ratio to compensate for

the same load.

9.2.5.1 Minimum Thermal Reinforcement Requirements and Whitney Concrete Stress
Block Parameters

Concrete structures that are directly exposed to outdoor atmospheric conditions, such
as the roof of this hospital, are susceptible to daily temperature fluctuations and drying
shrinkage. To control the rate of opening of these non-structural cracks, SNI requires a
minimum area of temperature reinforcement. For steel profiles with extremely high yield
strength (fy = 550 MPa), the minimum reinforcement area to withstand the physical
phenomena of shrinkage and temperature gradient changes must not be less than the ratio
specifically outlined in SNI 2847:2019 Article 24.4.3.2. The modern formula for fy above the
conventional limit of 420 MPa sets the temperature shrinkage reinforcement ratio pp,i, as a

theoretical inverse function of stress equivalence, with an absolute lower limit cutoft:

420

Pmin =max (0,0018 x 22,0,0014) =0,0014
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From these control ratio parameters, we can extract the minimum absolute steel reinforcement
area required per metre of plate cross-section width (b = 1000 mm):
As,min = ppip xbxh

As,min =0,0014 x 1000 mm x 100 mm = 140 mm?*/m

The metric value As,min = 140 mm?/m represents the lowest safety criterion limit. When
the computational bending moment analysis produces a steel demand area below this value,
the structural designer must recalculate and apply this area of 140 mm?/m to prevent plate
section brittleness. Three accompanying mechanical parameter factors that will operate as
cross-section strain analysis constants are:

1. Flexural strength reduction factor (¢): Set as a constant of ¢ = 0.90 provided that the
cross-section is designed to be tension-controlled.
2. Equivalent concrete stress block depth multiplier factor (3;): Based on the cylinder

strength for high quality f'c = 35 MPa, the strength has exceeded the threshold of 28

MPa, so 3; must be reduced proportionally from 0.85..

fc'—28

B, =0,85-0,05 x

35-28

B, =10,85-0,05x =0,80

3. Constant index of the ratio of the metallurgical steel melting point to the pure concrete

compressive strength limit (m)

fy 550
m = =
0.85xfcr  0.85x 35

= 18,487

This sequential procedure for double reinforcement calculation requires design
engineers to first verify the single reinforced capacity of Type P-2 slabs. The extracted
reinforcement area will then be duplicated or paired with an equivalent steel ratio in the
compression zone to achieve the objectives of deflection control and earthquake mitigation as

described in the previous subsection.

9.2.5.2 Flexible Support Design in the X Direction (Evaluation of Maximum Negative
Moment Mtx)

The bearing area of the plate clamped in the direction of the short geometric axis bears
the highest absolute negative moment displacement force of Mtx =7.296 kN.m/m. In negative

moment dynamics, the gravitational load attempts to tear the upper fibres of the slab support,
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so that the tension rebars must be stretched in the top layer of the cross-section. Using the
design equation for flexible reinforced concrete elements, we first generate the nominal
moment resistance factor parameter (Rn):

Mu = 7,296 kN.m/m = 7.296.000 N.mm/m

_ Mu _ 7.296.000 N.mm/m
¢xbx(dx)2 ¢ x1.000 mm x (74 mm)?2

= 1,480 MPa

After the internal stress index (Rn) is defined, the computational resolution stage
continues by calculating the rational steel reinforcement ratio (p). This parameter represents
the quantity of steel mass that physically enables extensive plastic deformation of the material
(fy 550 MPa) when the concrete crushing failure opposite it is slowly reached at a strain limit

0of 0.003:

0= ( 1 )<1 _ \/1 _ 2X18,487X1,480) —0,00276
18,487 550

With this ratio index, the actual cross-sectional area of the tensile reinforcement required
structurally (required reinforcement area) is:

As,req=p x b x dx

As,req = 0,00276 x 1000 mm x 74 mm = 204,2 mm?*/m

Structural logic verification compares this area against the minimum limit: the value of
204.2 mm?/m clearly exceeds the minimum temperature ratio threshold As,min (140 mm?/m).
This confirms that the moment acting is sufficient to regulate the stress-controlled demand
collapse mechanism.

The steel configuration design specification refers to the D12 thread quality standard.
The cross-sectional dimensions of a pure D12 cylindrical iron bar occupy an area of Ab = 0.25
x  x (12)> = 113.097 mm?. The calculation of the ideal theoretical spacing between bars

(centre-to-centre spacing) to match this quota is carried out as follows:

Abx 1000 113,097 x 1000
As,rreq 204,2

Stheoretical = ~ 553 mm

Although the provision of a single D12 steel bar for every 553 mm spacing met the

design strength requirements on paper, the behaviour of the concrete slab as a diaphragm
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component and to prevent excessive local crack propagation did not tolerate such wide
reinforcement spacing. It was decided in the engineering parameters that the reinforcement
would be laid extensively using 200 mm spacing. The constant installation of D12-200

formations provides a wide contribution of actual installed reinforcement worth:

As.tide = % x 113,097 = 565.5 mm®/m

The supply capacity (As,tide = 565,5 mm?/m) exceeds the theoretical demand of 204.2
mm?*/m by more than double (ensuring an overstrength ratio). As an embodiment of the dual
reinforcement system philosophy to eliminate the effects of plate thickness deficit, the lower
reinforcement in contact with the compressed zone must be supplied with an equivalent

composite profile ratio, namely D12-200 (A's = 565,5 mm?/m).

9.2.5.3 Desain Tulangan Lentur Tumpuan Arah Y (Evaluasi Momen Negatif Mty)

Rotating the perspective angle on the longitudinal axis of the clamping side, the negative
moment distribution is Mty = 5.472 kN.m/m. On this cross axis, the position of the tension
bar is considered to be in the second layer of the plate cross-section (Y-direction steel fibres),
which necessitates the use of a reduced static lever arm of only dy = 62 mm as the main

calculation parameter:

_ Mty _ 5.472.000 N.mm/m
¢xbx(dx)2 0.9x1.000 mm x (62 mm)2

=1,581 MPa

Recalculate the proportional tensile strength ratio parameter (p):

p:(i)(l_ 1— 2xrrflyan>

0= ( 1 ) <1 B \/1 B 2x18,487x1,581> —0,00296
18,487 550

Maka perhitungan kebutuhan bersih luas tulangan tarik area tumpuan arah Y berakumulasi:
As,req =p x b x dx
As,req = 0,00296 x 1000 mm x 62 mm = 183,5 mm?/m

The results of numerical computation extraction set a record area of 183.5 mm?/m. This
figure provides interesting validation of reinforced concrete theory; although the quantity of

the Y-direction support moment (5.472 kN.m/m) is quantitatively inferior to the X-direction
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moment (7.296 kN.m/m), the specific steel tensile stress required by the Y-axis is nearly equal
to that of the X-axis. This asymmetrical imbalance is triggered by the loss of the lever arm of
the static cross-section (dy is smaller due to the position of the second layer mesh arrangement
within the 100 mm thin slab mould dimensions). Addressing this spatial inertia deficit, the
design once again stipulates a uniform and repetitive symmetrical installation to mitigate
ironworker assembly errors in the project. The main tensile reinforcement (above) and
compressive reinforcement (below) are to be supplied homogeneously through D12-200

woven profiles.

9.2.5.4 Flexural Reinforcement Design in the X Direction (Evaluation of Positive
Moment Mlx)

Based on observations in the central span zone of the P-2 type flat slab, the analysis
focused on the short central span subjected to a positive moment of Mlx = 1.536 kN.m/m.
During the transition phase of positive moment curvature mechanics, the concrete crack
compression process reverses direction towards the upper fibre space, forcing the relocation
of the tensile steel fibre reinforcement structure towards the edge of the lower cross-section

zone. Using an arm of dx = 74 mm:

_ Mty _ 1.536.000 N.mm/m
¢xbx(dx)2 0.9x1.000 mm x (74 mm)?

=0,311 MPa

Reviewing the numerical value of the Rn margin, which is drastically low (0.311 MPa),
it can be guaranteed intuitively by mechanics that the flexible formation of this field plate is
hardly critically compressed like the edge area of a clamped beam. Converting this quantity

into a theoretical steel ratio projection will prove this:

p:(i)(l_ 1— 2xrrflyan>

0= ( 1 )<1 B Jl B 2x18,487x0,311> — 0.00057
18,487 550

Therefore, the percentage of real reinforcement area mandated by pure elastoplastic
computation is very small:

As,req=p x b x dx

As,req = 0,00057 x 1000 mm x 74 mm = 42,1 mm?*/m
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In accordance with the operational regulatory hierarchy of SNI 2847:2019, the
achievement of a fictitious steel area as small as 42.1 mm?/m is indicated to be excessively
severe at the base threshold of the thermal expansion-contraction stability limitation of the
material py,;, concrete with a quota of 140 mm?/m. A cross-section left with such a small steel
ratio will immediately undergo sudden brittle collapse as soon as the normal concrete beam
flexural stress fracture point is exceeded for the first time. Disregarding the analytical
calculation results, the safety ratio of 140 mm?/m is unilaterally adopted as the parameter. Not
stopping at the minimal safety limit, to strengthen the matrix of the composite ductility basket
system to be coherent and symmetrical throughout the structure slab, positive field
reinforcement is designed as a strong, evenly distributed D12-200 threaded profile installation
in the lower floor structure (as a bending moment tension anchor) and a similar D12-200 mesh
installation is also inserted in the upper slab (as a shear deformation damping compression

element).

9.2.5.5 Flexural Reinforcement Design in the Y Direction (Evaluation of Positive
Moment Mly)

The final calculation of the serviceability flexibility targets the longitudinal field
crossing (central cross point at a span of 6 m), where the calculated moment rotation reaches

Mly = 3,456 kN.m/m:

Mty _ 3.456.000 N.mm/m
¢dxbx(dx)2 0.9x1.000mmx (62 mm)2

=0,999 MPa

Resuming steel strain resolution p:

(i)(l_ 1— 2xr1;yan)

( 1 )(1 B \/1 _ 2X18,487X0,999> — 0,00185
18,487 550

p

p

So that the mechanical area of the tensile stress limit of the material is equal to:
As,req=p x b x dx
As,req =0,00185 x 1000 mm x 62 mm = 114,7 mm?*/m
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Presenting the same mechanical trend as in the centre of the X-axis quadrant, the
functional area of the steel strain calculation, which reached 114.7 mm?*m, again failed to
reach the temperature suspension limit threshold of 140 mm?*m. With the design parameters
constantly remaining below the minimum basic stress control threshold, it was decided to
repeatedly execute the composite solid steel configuration for ease of assembly layout
efficiency: the reinforcement is arranged in parallel using D12-200 support rows (lower
tension zone) in line with D12-200 (upper compression).

As a technical cognitive verification tool, Table 50 below summarises the accumulated
data records and derivative calculations from the complex phase of tensile and compressive
reinforcement. This data representation contains mature distributed structural design profiles
to facilitate the reading of working drawings and Building Information Modelling (BIM)

integration.

Table 50 Summary Matrix of Double Flexural Reinforcement Design Profile for P-2 Type

Plates
Review of Static Theoretical | Absolute . . Extra
Value of Steel Thermal | Main Tension .
Moment Arm . . Compression
Mu Requirement Quota Reinforcement .
Geometry Depth d o . . . Reinforcement
Location (kN.m/m) (mm) Quota Limit Specifications Specifications
(As,req) (As,min) P
X Support D12-200
Clamp Axis 7,296 74 204,2 mm*m E:r?lz i FDIL%éZSS (:Sp (Lower Fibre
(Short Direction) Y Layer)
Y Support Clamp D12-200
Axis (Long 5472 62 183,5 mm?/m | 40 DI2-200 (Top | 1 (e Fibre
P mm?*m Fibre Layer)
Direction) Layer)
X Field Axis 140 D12-200 D12-200
Centre (Short 1,536 74 42,1 mm*m ) (Bottom Fibre | (Upper Fibre
L mm?/m
Direction) Layer) Layer)
Y Field Axis 140 D12-200 D12-200
Centre (Long 3,456 62 114,7 mm?*/m ) (Bottom Fibre | (Upper Fibre
L mm?/m
Direction) Layer) Layer)

To support a deep technical understanding of the tabulation in Table 50, an extremely
crucial operational fact emerges. The distribution of the implementation of BjTS 550 high-
tension steel reinforcement with a diameter of D12 at a density of 200 millimetres is radical
and uniform, both in the upper ceiling layer and in the lower deck along the geometric plane
of the plate, successfully dampens and accommodates even the most severe bending stress
curve peaks by securing an extremely abundant safety margin ratio index. This conceptual
strategy of assembling a symmetrical composite steel module—with a balanced and co-linear

volume ratio between the pull wing and the concrete thrust zone porch—gives birth to an
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architectural element that embraces structural superiority far beyond the functional
requirements of supporting the heavy roof mass. The 100 mm thin plate elements change their
morphological status to solid composite-coated steel protective sheets (heavily armoured
diaphragm module) that will be difficult to breach and experience flexural distortion fatigue
when exposed to extreme cyclic lateral vibration frequency impacts in seismic resonance

events (response spectra scenario) in Palu.

9.2.6 Analysis of Unidirectional Shear Capacity and Diaphragm Plate Containment
Integrity (Shear Tie-Bar Requirements)

As a continuation of the fundamental reliability audit of reinforced concrete elements,
the material system specifications (as instructed in the design query restrictions at the
beginning of the document) mandate a unique and specific clause to be fulfilled, which states
that "main reinforcement and shear reinforcement shall use D12." In the construction of open-
span floor slabs or typical roofs with smooth surfaces (flat surface boundaries) that rest on a
grid beam configuration and are free from the intervention of concentrated column load
transfers piercing hard in the central area, the scenario of one-way beam shear failure or the
phenomenon of two-way punching shear stress failure rarely plays a role as the main
determinant of cross-section failure. However, in order to demonstrate the scientific method
of solid mechanics SNI 2847:2019, the stages of the mathematical quantification process for
the intensity of shear force per unit metre of plate width (Vu) must still be derived in full..

The parameter for the area of vertical unidirectional shear load coverage of the slab is
derived hypothetically through the distribution of half the dominant area of the shortest
dimension (Ix / 2). This empirical formula for shear stress is described as:

Vu,max = 3 x qu x (0.5)(Ix)

The operational assumption of a distribution coefficient expansion ratio of f = 1.15 is
deliberately incorporated into the calculation (as an approximation device for compensating
for the transverse shear stress transfer at the end of the rigid boundary support between the
intersections of continuous elastic beams).

Vu,max = 1,15 x 6,00 kN/m? x (4,0 m)(0,5) = 13,8 kN/m

The nominal shear capacity of conventional non-prestressed cast concrete cross-

sections (Concrete Shear Nominal Capacity) is calculated without the assistance of the shear
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transfer capacity of vertical steel fibres, calculated by referring to the regulations on the
constant percentage of the square root of the tensile strength of the concrete material's

crushing stress as stated in SNI 2847:2019 Article 22.5:
Ve=0,17xAx+/fcxbxdx

By embedding the constant A = 1.0, which indicates that the concrete mixture is
represented by the quality of normal massive rock aggregates, the results of the calculation of

the residual stress at the breaking point of concrete show the following figures:

Ve=0,17x 1,0 x V35 x 1000 mm x 74 mm = 74.423 N/m = 74,4 kN/m

The structural collapse limit module applies a shear resistance reduction factor with a
constant value of ¢ = 0.75, which absolutely reduces the safety factor ratio for pure concrete
shear resistance to:

¢dVc=0,75 x 74,4 kN/m = 55,8 kN/m

When analysing the data from the aforementioned computational empirical evidence,
the highest theoretical operational shear stress volume range accumulated at 13.8 kN/m is
located in a territorial flexibility zone that is extremely deep, extending far below the ceiling
line of the shear crack threshold of pure concrete components (¢Vc = 55.8 kN/m). This clear
quantitative calculative fact leads to a rational conclusion that the provision of additional
architectural material components in the form of vertical or diagonal shear reinforcement
(stirrups) is not analytically required by the compilation of gravitational load regulations or
basic static shear mechanical integrity.

However, the existing design specification parameter sheet has a priori established an
absolute mandate requiring the embedding of shear tie fasteners using D12 rebar in the entire
morphology of the core anatomy of the P-2 Type plate. Why was this irrational anomaly
approved for implementation? The answer lies beyond the basic physics of pure shear cross-
sections. The presence of the additional D12 vertical shear tie mandate in the slab body was
essentially inspected architecturally, not solely because it was triggered by the need to
overcome the scarcity of the physical shear capacity ¢pVc of concrete, but rather because this
organ was designed to have a complex multifunctional transfer task as an anchor element (tie-
bars / cross-ties crosslink), a spalling restrictor device, and a mechanical stitching node for

strengthening the integration of the seismic diaphragm shell components.
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of 100 mm Concrete Slab Roof Structure Requirements (Type P-2)

Mechanical

Evaluation Actual Design Regulatory Code Related SNI Legal
. Output Results Validation Status References
Categories
Maximum . :
Ultimate Load 6.00 KN/m? Safe (Pasged LRFD SNI 1727:2020 Article
Combination) 2.3
(qu)
Cross-Section Double Steel (Top & Passed (As,tide > SNI 2847:2019 Article
Flexural Capacity Bottom As,req) 24
Reinforcement) ’
Deflectionand 11, _ 100 1y ys g = | P850 (Double SNI 2847:2019 Article
Thickness Reinforcement Mesh
. 185.5 mm . 8.3
Anomalies Compensation)

. _ Safe (Extra Support .
Diaphragm Shear | Vu = 13.8 kN/m < SNI 2847:2019 Article
C itv Modul SV from D12-500 Hook 25

apacity Modulus c Brackets) .
1I\{/Ieailr?forcement in D12-200 (Top) & fa:(S:E? (?::[al)jillrrzrlggnt h SNI 2847:2019 Article

D12-200 (Bottom) pacing req 7.7

X-Axis Direction

or 450 mm)

Main
Reinforcement in
Y-Axis Direction

D12-200 (Top) &
D12-200 (Bottom)

Passed (Maximum
spacing requirement 3h
or 450 mm)

SNI 2847:2019 Article
7.7

Concrete
Aggregate
Technology
Modifications

Maximum Aggregate
Size < 10 mm (SCC)

Highly Recommended
(Prevents Segregation)

Standardisation of
Construction Practices
& Mix Design
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CHAPTER X
STAIRCASE STRUCTURAL PLANNING

10.1 Ramp Planning
10.1.1 Introduction and Context of Performance-Based Seismic Design in Palu

The planning of modern healthcare facilities, particularly crucial structures such as
high-rise hospitals located in megathrust zones or areas with extreme seismicity such as Palu
City, Central Sulawesi, requires an uncompromising structural design paradigm. Palu City has
a history of tectonic seismic activity and liquefaction, placing this region in the high seismic
design category. In the context of technical reports promoting the implementation of a Dual
System (combining Special Moment Resisting Frame / SMRF and Special RC Shear Walls)
based on ETABS Response-Spectrum analysis, every structural and non-structural element
must be evaluated holistically. This subsection specifically discusses manual calculations,
mechanical behaviour analysis, and detailed design justifications for reinforced concrete ramp
structures.

Ramps, defined as continuous sloping plates without steps, play a vital multi-functional
role. Under standard operating conditions, ramps facilitate daily vertical circulation for
patients, medical personnel, and logistics distribution using stretchers or wheelchairs.
However, under extreme conditions—such as during an earthquake (where elevation drift
between floors can cause elevator failure) or a fire emergency—ramps transform into absolute
primary evacuation routes. Therefore, the structural integrity of this element is not only
assessed based on its ability to bear gravitational loads, but also its ability to accommodate
lateral building deformation, dissipate earthquake energy through section ductility, and
maintain stability without experiencing progressive collapse.

The implementation of regulations used as the legal and scientific basis for these
calculations includes SNI 1726:2019 (Procedures for Earthquake Resistance Planning for
Building and Non-Building Structures), SNI 2847:2019 (Requirements for Structural
Concrete for Buildings), and SNI 1727:2020 (Minimum Design Loads and Related Criteria
for Buildings and Other Structures). In addition, the geometric design and functionality of
hospital ramps are also bound by very strict architectural and medical standards, namely the
Regulation of the Minister of Health (Permenkes) of the Republic of Indonesia Number 24 of
2016 concerning Technical Requirements for Hospital Buildings and Infrastructure. The

manual calculations outlined in this subsection will synthesise all these variables into a single
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rational, efficient, yet highly conservative reinforced concrete cross-section design that
ensures life safety.
10.1.2 Technical Material and Geometric

Specifications, Characterisation,

Parameters

The most fundamental stage in starting the design of reinforced concrete structural
elements is to establish and understand all boundary conditions, structural geometry, design
loads, and mechanical properties of the materials to be engineered. The decision to select
materials represented in the planning data is not arbitrary, but rather a technical response to
the need for very large load capacities on relatively thin slabs.

All input data that forms the basis for calculation parameters and mathematical
modelling for ramp and landing structures is systematically summarised in Table 52 below.
This table serves as a reference matrix whose values will be extracted repeatedly in the

mechanical formulations in the following subsections.

Table 52 Data Input Perhitungan

Construction . Variables an.d I-’arameter Metric Values and Units
Parameter Categories Descriptions
Clear ramp width (L) 1,9 meter
Tota} ramp span (from beam to 15,0 meter
landing)
Ramp Geometry Vertical building floor height (H) 3,3 meter

Dimensions

Distance between column supports
(Effective Span)

4,0 meter and 6,0 meter

Planned ramp slab thickness (slab
thickness)

150 mm (15 cm)

Landing width (Landing Width) 3,0 meter
Bordes Geometric Landing length (Landing Length) 4,0 meter
Dimensions Sppporjung beam cross-section 250 mm x 450 mm
dimensions (b x h)
Load Parameters Live Load (LL) 4,79 kN/m?
Superimposed Dead Load (SIDL) 1,32 kN/m?
Required .concrete cylinder 35 MPa
compressive strength (f'c)
Yield strength of main longitudinal 530 MPa (Threaded/
. . . Deformed Profile, 25 mm
Mechanical Properties | reinforcement (fy) Di
. iameter)
of Materials
) . 280 MPa (Smooth/
Yield strength of transverse/stirrup
reinforcement (fyt) Threaded Profile, 14 mm
yt Diameter)
Clear concrete cover 25 mm
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The selection of material specifications in Table 47 is based on the need for in-depth
elaboration. First, the concrete compressive strength specification (f'c) is set at 35 MPa. The

use of this medium-high quality concrete is very relevant for hospital structures. Concrete

with a strength of 35 MPa has an elastic modulus (Ec = 4700Vfc ~ 27.805 MPa) which is
high, directly implying an increase in flexural stiffness (EI) and contributing significantly to
reducing deflection in thin 15 cm slabs spanning up to 6 metres. In addition, this grade of
concrete provides a denser cementitious matrix, reducing permeability and increasing the
durability of the slab against potential corrosion agents, which is very important considering
that the planned lifespan of healthcare facilities generally exceeds 50 years.

Secondly, the most notable structural innovation in this design is the adoption of very
high-strength longitudinal reinforcing steel with a yield strength (fy) of 550 MPa. In global
nomenclature, this grade is equivalent to ASTM A706 Grade 80 steel or the latest SNI
Reinforcing Steel specifications. Historically, older editions of SNI 2847 limited the use of
flexible reinforcing steel in structures designed to withstand maximum seismic loads to a
grade of 420 MPa. However, through an update to SNI 2847:2019 Article 20.2.2.4 Table
20.2.2.4a, this limit has been relaxed, allowing the use of longitudinal reinforcement with fy
550 MPa for Special Moment Resisting Frame Systems (SMF) and other structural
components.

The absolute advantage of using 550 MPa steel is its ability to bear much greater tensile
forces with a smaller steel cross-sectional area. This fundamentally solves the problem of
reinforcement congestion, a classic issue in reinforced concrete construction in earthquake
zones where anchorage and lap joint details are often too dense, preventing the concrete
aggregate from flowing and filling the formwork completely. By reducing the reinforcement
ratio, casting quality (workability) can be ensured. However, the use of 550 MPa steel requires
strict analytical compensation: high-strength steel has a greater initial yield strain (€ =
0.00275) and generally has a shorter yield plateau length than conventional 420 MPa steel.
This condition requires designers to check the tensile strain of the cross-section (€;) with great
precision to ensure that the plate elements remain capable of ductile deformation (Tension-
Controlled category) when subjected to excessive seismic moments.

Third, the thickness of the concrete cover is set at 25 mm. This value complies with the
minimum requirements mandated by SNI 2847:2019 Article 20.6.1.3 for slabs located indoors

(not exposed to direct cyclical weathering or in contact with reactive soil). The 25 mm thick
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concrete cover on hospital ramps not only protects the reinforcing steel from exposure to
oxygen and water vapour, but also plays a crucial role as thermal insulation. In a fire
emergency scenario, this concrete cover will delay the rate of heat transfer to the main D25
steel reinforcement. If the reinforcing steel reaches a critical temperature (around 400°C -
500°C), it will lose most of its yield strength (a phenomenon known as strength degradation).
Maintaining a consistent 25 mm cover is essential to meet the fire resistance rating criteria for

evacuation routes.

10.1.3 Analysis of Architectural Geometric Compliance with Ministry of Health
Regulations and Cantilever Support Systems

The geometric characterisation of the ramp described in the project data presents
architectural and mechanical complexities. The total span from the initial support beam to the
landing platform is recorded as 15 metres, spanning an elevation difference between floors of
3.3 metres. Before proceeding with internal force calculations, these geometric parameters
must be critically evaluated against health facility operational regulations, namely Permenkes
No. 24 0of 2016. A simple trigonometric review of the 15-metre span and 3.3-metre height data

yields a macro structural slope ratio of:

Vertical Height _ 3,3 meter

Slope Ratio = =0,22 atau 22%

Horizontal Projection Length B 15,0 meter

The angle of inclination (at) can be extracted using the arc-tangent function:

a = arctan(0,22) = 12,41°

Based on Minister of Health Regulation No. 24 of 2016, which regulates accessibility
ramp slope standards, the maximum slope allowed for hospital bed evacuation and wheelchair
user independence should ideally be limited to a ratio of 1:10 (10% or 5.71°) up to a maximum
of 1:12 (8.3% or 4.76°) on certain short spans. Analytical comparisons reveal that a macro
slope ratio of 22% (12.41°) is excessively steep and violates basic accessibility standards.
This slope can endanger paramedics attempting to counteract the gravitational force of a
descending patient stretcher during evacuation and is completely inaccessible for wheelchair
users to navigate independently.

Therefore, the reference to "Span from beam to landing: 15 metres" in the project data

should not be misinterpreted as a single continuous straight inclined slab. Instead, this 15-
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metre span refers to the total accumulated length of the horizontal ramp configuration
designed for manoeuvring (switchback or zig-zag system). In this configuration, the ramp is
divided into several inclined plate segments with a reduced slope (meeting the 1:10 or 1:12
requirement), and connected by flat landings (such as the 3.0 m x 4.0 m landings listed in the
data) as resting areas and manoeuvring areas for turning wheelchairs. This span division
system is then supported by a structural frame consisting of a series of columns positioned at
intervals of 4.0 metres and 6.0 metres.

Furthermore, the project data confirms that "each column has a cantilever beam that
supports the ramp stairs". This information absolutely defines the boundary conditions for the
ramp plate mechanics model. Instead of spanning freely to withstand a deflection of 15
metres—which would result in the immediate collapse of a 15 cm thick slab—the inclined
slab structure functions as a continuous one-way slab that 'rides' on the support rails in the
form of cantilever beams.

The span-to-width ratio for the 4.0-metre segment is 4.0 / 1.9 = 2.10, and for the 6.0-
metre segment it is 6.0 / 1.9 = 3.15. Referring to the principles of linear elastic plate
mechanics, because both span ratios exceed the threshold value of 2.0, these plates are
mathematically certain to transfer almost 100% of their gravitational load in the direction of
one longitudinal axis (in the direction of the ramp's movement), distributing the direct support
reaction to the supporting cantilever beams. The construction of the cantilever beams
extending from the main structural columns of the building also requires careful detailing of
torsional forces, as dynamic loading asymmetry (especially when evacuation flows are
concentrated on one side of the ramp) will induce torsional moments at the base of the

cantilever connections to the SMRF columns.
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ATION ORIENTATION PLAN

Figure 31 Layout Plan of Continuous Slab Ramp Structure Intersecting with Landing
Platform

10.1.4 Serviceability Analysis and Verification of Minimum Plate Thickness Limits

In every design of reinforced concrete flexible elements, achieving ultimate strength to
prevent collapse is only half of the comprehensive engineering objective. The other half is
ensuring serviceability under daily load scenarios. The slab must not experience excessive
resonance vibrations when traversed by moving loads, must not experience wide flexural
cracks that damage the floor covering, and most importantly, must not experience vertical
deflection beyond visual and functional tolerances.

The primary parameter that controls all of these serviceability criteria is the slab
thickness (h). The design data specifies a ramp slab thickness of 15 cm (150 mm).
Instinctively for a structural engineer, spanning a 150 mm thick slab across a 6.0 metre support
distance carrying hospital emergency loads is a highly vulnerable and high-risk technical
proposal that could trigger long-term creep-induced deflection.

To validate these concerns empirically, we refer to SNI 2847:2019 Section 7.3.1.1 on
"Minimum thickness of non-prestressed one-way solid slabs". Table 7.3.1.1 in the standard
provides a practical formula for determining the minimum thickness limit at which complex
mathematical deflection control calculations may be disregarded. For one-way continuous
slabs, the basic formula provided is modified by the type of support:

. For plates with one continuous end: hmin = L / 24

J For plates with both ends continuous: hmin =L/ 28
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Given that the 6.0-metre track segment is sandwiched between cantilever beam supports
on both sides (experiencing negative moments at both supports), we assume a "continuous
end" condition. However, the basic L/28 formula is specifically calibrated for conventional
reinforcing steel with a yield strength fy = 420 MPa. Our project conditions implement ultra-
high-strength steel fy =550 MPa. SNI 2847:2019 provides a correction clause: for fy different
from 420 MPa, the minimum thickness value from the table must be multiplied by an
adjustment factor formulated as (0,4 + fy / 700).

The first step is to calculate the Steel Quality Modification Factor.:

550
700

Modifying Factors = 0,4 + 7% —0,4+22-0,4+0,7857 = 1,1857

This modification factor of 1.1857 represents the physical fact that 550 MPa steel will
bear higher working stress in concrete, resulting in greater elastic strain, wider concrete
cracks, and reduced crack cross-sectional inertia (Icr). and the end result is a more massive
section deflection compared to using 420 MPa steel. Therefore, the plate must be designed to
be thicker to compensate for the loss of flexural stiffness.

The second step is to calculate the critical minimum thickness (hmin) for the largest span (L =

6000 mm):

hmin = 2L—8 x Faktor Modifikasi = % x 1,1857 = 254,08 mm

Theoretical calculations conclusively show that in order to free designers from the
obligation to calculate deflection, a 6-metre continuous slab reinforced with 550 MPa steel
requires a minimum thickness of 254 mm.

Field evidence reveals that the planned plate dimension of 150 mm is dramatically
below the empirical limit required by SNI (150 mm <« 254 mm). The structural implications
of reducing the slab thickness by almost half of what is recommended does not mean that the
structure will immediately collapse due to gravitational forces (the ultimate moment and shear
capacity can still be met by increasing the density of the steel reinforcement). However, this
raises a red flag warning that the slab will inevitably experience severe long-term deflection
problems.

Deformation in the form of concavities (sagging) in the middle of the ramp slab span is
not just an aesthetic problem,; it is a fatal ergonomic hazard. Sagging and undulating hospital
evacuation floors will hinder the movement of heavy wheelchairs being pushed in the panic

of an earthquake, and can tear the anti-septic vinyl floor covering. As an engineering
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mitigation measure for the decision to retain this 150 mm thin slab (which may have been
driven by the urgency to reduce the total mass of the building in order to minimise lateral
earthquake inertial loads), it is absolutely recommended to intervene with a construction
method involving the application of mid-span formwork elevation (precambering). This
precambering is designed to range from 15 mm to 25 mm of upward curvature at the time of
scaffolding assembly. As the concrete hardens, the formwork is removed, and the
superimposed dead load and concrete hydration creep work over the first 5 years, the slab will
qualitatively deflect downwards, neutralising the initial precambering, and ultimately forming

a straight and flat horizontal geometric path.

10.1.5 Formulasi Pembebanan Gravitasi Terfaktor (Factored Gravity Loading)

Accuracy in linear structural analysis is highly dependent on the precision of
quantifying external loads applied to mathematical modelling. The dominant gravitational
load acting uniformly over the entire surface area of the inclined ramp is classified into three
main types: Dead Structural Load (DL), Additional Non-Structural Dead Load (SIDL), and
Transient Live Load (LL).

In evaluating the load portion, this calculation analysis will reduce the 3-dimensional
spatial area to a 2-dimensional mechanical approach by taking a representative section of a
plate one metre wide (b = 1.0 metre).

1.  Dead Load (DL

Dead load represents the permanent static load originating from the specific gravity of

the reinforced concrete construction elements themselves. According to SNI literature

and mechanical standards, the specific gravity of normal reinforced concrete (y.) is set
at 24 kN/m? (or equivalent to 2400 kg/m?).

. Design plate thickness (h) = 0,15 meter

. DL=hxy.=0,15mx 24 kN/m® = 3,60 kN/m?

2. Superimposed Dead Load (SIDL)

Based on the initial parameters, the constant superimposed load (SIDL) was
recorded at 1.32 kN/m?. In practical terms, in modern hospital construction, this load is
allocated to accommodate the cumulative weight of various finishing elements and
architectural installations that rest dead on the slab. This includes a 2-3 cm thick
levelling screed mortar, an epoxy adhesive layer, specialised floor covering materials

such as homogeneous anti-bacterial vinyl sheets, a handrail system on the ramp side, as
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well as lightweight mechanical, electrical, and plumbing (MEP) utility hangers—such
as fire protection (sprinkler) pipe lines and emergency lighting cable trays—which are
anchored to the underside (ceiling) of the ramp slab.

SIDL = 1,32 kN/m?

For the simplification of subsequent calculations, the total manifestation of Dead Load
(symbol gD) borne by the slab is aggregated into:

qp = DL + SIDL = 3,60 kN/m? + 1,32 kN/m? = 4,92 kN/m?

Live Load (LL)

The non-permanent dynamic loading that must be anticipated is represented by
the Live Load (LL) specified as 4.79 kN/m? in the project data. This value does not arise
from arbitrary assumptions, but is firmly rooted in the empirical legal provisions of SNI
1727:2020 Table 4.3-1. In the minimum design load table for the building, the value of
4.79 kN/m? (which in imperial units is the equivalent of 100 pounds per square foot /
100 psf) is exclusively allocated to the occupancy category "Hospital: Corridors above
the first floor" and also applies consistently to all "Operating Rooms" and "Stairwells
and Evacuation Routes".
qu = LL = 4,79 kN/m?

This massive 100 psf live load rating was implemented to provide a safety buffer that
ensures the slab does not collapse when the ramp track experiences dynamic impact
loads due to the mass flow of people running down in panic, mixed with heavy
firefighting equipment, and stacks of emergency stretchers trapped in the landing area
during mass evacuations.

Formulation of Ultimate Load Combination (qu)

The basic principle of Load and Resistance Factor Design (LRFD) adopted by
SNI 2847:2019 requires the magnification of external load forces through statistical
load factors, in order to anticipate the unexpected possibility of material dimensional
mismatches (overload) during physical construction. The combination of dominant
gravity loads that exploit dead and live loads simultaneously is formulated in the
equation:

Qu=12xqgp+ 1,6 xqL
Substitution of quantified load values:

qu= 1,2 x (4,92 kN/m?) + 1,6 x (4,79 kN/m?) = 13,568 kN/m?
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Based on the abstraction of the slab into a one-dimensional continuous beam
element with a width of 1 metre (b = 1.0 m), the ultimate linear uniform load that
distributes the force along the span of the track slab is:

Wu=quxb=13,568 kN/m? x 1,0 m = 13,568 kN/m

This linear load of kN/m is represented as acting on the horizontal geometric projection
of the spatial span of the ramp. Although the actual slab has an inclination or slope elevation
that slightly reduces the vertical force vector projection according to the analytical triangle
principle (cosine of the plane angle), maintaining the load placement method on the horizontal
projection will produce more conservative bending moment figures and eliminate immaterial

mechanical complications.

Table 53 Loading of the Analysed Ramp

Structural Load Material or Functional Nominal LRFD Factored
Categories Components Value factor Load
g P (kN/m?) (kN/m?)
15 cm x 24 kN/m3
Dead Load (DL) Reinforced Concrete Slab 3,60 1.2 4,320
Additional Dead Load | Screed, Vinyl, MEP
(SIDL) Ceiling Utilities, Handrail 1,32 1,2 1,584
Total Static Load (qp) | >.(DL + SIDL) 4,92 5,904
Hospital Evacuation
Live Load (LL) Occupancy (SNI 4,79 1,6 7,664
1727:2020)
. . Combined Load
Ultimate Design Load | o o Jocition (1.2D + 1.6 13,568
(qu) L)

10.1.6 Continuous Mechanics Modelling and Critical Internal Force Determination

The sloping ramp manoeuvres across the span between rows of structural support
columns. The main SMRF (Special Moment Resisting Frame) support columns of the hospital
are erected at varying module spans, alternating between 4.0 metres and 6.0 metres.
Horizontal cantilever beams extend from the core of these columns to support the inclined
ramp slab frame. Due to the variation in the continuous span configuration (4 m — 6 m — 4 m),
the distribution of internal forces is not entirely proportional between the supports.

SNI 2847:2019 Article 6.5 does indeed provide a list of empirical moment coefficient
tables (such as wu =12/ 10 or wu L% 11) To design one-way beams and slabs whose adjacent

spans do not have a length difference percentage greater than 20%. However, comparing the
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critical span of 6.0 metres with the adjacent span of only 4.0 metres results in a disparity ratio
of 6.0 / 4.0 = 1.50, or a variance deviation exceeding the 50% margin. Such an extreme
deviation theoretically invalidates the use of the simple SNI analytical coefficient method and
dictates the use of computerised dynamic force envelope analysis through matrix mechanics
software (such as ETABS mentioned in the report title) to extract the fixed-end moment.

However, to demonstrate a reliable, solid, and highly conservative manual analytical
calculation (hand calculation procedure), the reinforcement ratio design for the entire ramp
slab will be standardised by taking the critical bending moment parameter that occurs on the
longest slab. The static modelling assumption drawn is a partially clamped end beam with a
width of 1 metre that carries a representative maximum free span Ln = 6.0 metres, with an
equivalent total centred loading wu = 13.568 kN/m.

The conservative engineering approach to determine the Maximum Design Moment and
Shear along the element plane is as follows:
1.  Maximum Negative Moment at the Support End of a Cantilever Beam (Mu)

Negative moments occur in the upper fibres of the concrete when the slab is bent across

the supporting beams. Concrete cracks will open on the upper surface. The estimated

maximum support moment for continuous interior spans is:

. wy (Ln)? 13,568 kN/m (6.0 m)?
10 10

2. Maximum Positive Moment in the Central Field Area (Mu")

Mu

= 48,845 kNm/m

Positive moments dominate the central area of the slab between the two beam supports.
The fibres at the bottom of the concrete will be under tension. The estimated maximum

field moment is:

wy (Ln)? 13,568 kN/m (6.0 m)?
11 11

Mu" = = 44,404 kNm/m

3. Maximum Shear Force in the Front Section of the Support (Vu)
Shear forces cut perpendicularly through the plate cross-section near the support base
due to the accumulation of vertical load reactions on the beam. For continuous elements
with unbalanced flexural rotation, the shear stress at the exterior support end can

increase by up to 15%:

wy Ln

Vu=1,15x

13,568 kN/m (6.0 m)?

Vu=1,15x =46,810 kKN/m
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The target mechanical resistance ratios (required strength targets) have been calibrated
through these three absolute values: Negative Flexural Capacity must be above 48,845 kNm;
Positive Flexural Capacity above 44,404 kNm; and Shear Resistance Capacity exceeding
46,810 kN. All these values must be supplied by a 150 mm super-thin concrete cross-section

profile paired with a steel reinforcement mesh..

10.1.7 Flexural Capacity Design and Section Ductility Check (Strain Compatibility)

The concept of flexible reinforced concrete design mandates a harmonious constellation
of stresses between the compression forces absorbed by the cementitious mass of concrete in
the compressed section and the tensile forces engineered to be fully absorbed by the cross-
section of the steel reinforcement in the cracked zone. The entire mathematical formulation
procedure must be validated with the LRFD philosophy, where the Reduced Cross-Section
Design Strength (¢Mn) must be greater than or equal to the External Moment Load (Mu).

Manual analytical checks are focused on covering the overall bending moment, namely

Negative Moment Mu- = 48.845 kNm/m.

10.1.7.1 Formulation of High Geometric Effective Cross-Section (d)

The functional height of the moment arm (d) is calculated by reducing the total thickness
of the gross slab (h = 150 mm) by the protective concrete cover (22 mm) and half of the radius
of the main reinforcement D22 (i.e. 22 /2 = 11 mm).

d=h—tcover—%=150mm—22mm— 11 mm=117 mm

This effective dimension variable d = 117 mm will bear and become the lever arm
distance (moment arm lever) multiplier of the steel tensile force to withstand the bending of

the structure weighing 48.8 kNm.

10.1.7.2 Resolution of Nominal Moment Resistance Constant (Rn) and Material
Proportion (m)

It is simulated from the outset that the collapse of the cross-section will be controlled
by the tension of the reinforcing steel, which will melt slowly (ductile tension-controlled
section) and provide a warning of significant deflection deformation. Based on this, a

conservative value of 0.90 was applied to the moment strength reduction factor (¢). The
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average nominal compression-tension resistance factor per m? of plate cross-section was set

as parameter Rn:
_ Mu
¢ xbx(d)?

_ 48,845x10°N.mm
0.90 x 1000 mm x (117)2

=3.965 MPa

Mechanical parameter of the plastic modulus balance ratio between material types (m),
measuring the imbalance between the yield strength of steel (fy = 550 MPa) and the equivalent

compressive strength of concrete (f'c = 35 MPa):

fy 550
m = =
0.85xfcr  0.85x35

= 18,487

10.1.7.3 Iteration of Determining Reinforcement Ratio Requirements (p)

The validated steel reinforcement area is absolutely necessary in 1 metre of plate width
to minimise the possibility of shear cracks measured in the form of a basic analytical

reinforcement ratio (Pperiy):

2xmen)

Pperlu = m - fy

Inserting numerical parameters into quadratic root equations:

2x 18,487 x 3.965

— 1 — =
Pperlu = 18,487( 550 ) 0,0262

Regulatory requirements SNI 2847:2019 Article 7.6.1.1 for mitigation and prevention
of shrinkage and temperature cracking (thermal shrinkage cracks in castings) require the
installation of a minimum ratio of steel in the plate body. For conventional reinforcement
parameters, the basic limit is 0.0018. However, because the material utility specifications
employ reinforcement steel with a melting point more aggressive than the 420 MPa threshold
(namely a 550 MPa profile), SNI applies a discount adjustment to this steel reinforcement

ratio in direct proportion to its melting strength, namely:

_0,0018 x420 _ 0,0018 x 420
pmln fy 550

=0,00137

In accordance with the operational limits of the SNI code, the minimum reinforcement

ratio is set at a base limit of 0.00137. Since the analytical mechanical requirement calculation
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result (p_required = 0.0262) is well above the normative thermal threshold (p,i, = 0.0014),
the reinforcement design for this structure is dictated entirely by the pure flexural requirement

regulations (gravitational mechanics) and not merely by the temperature steel element.

10.1.7.4 Dimension Selection and Evaluation of Main Reinforcement Installation
Configuration (As)

Transform the non-dimensional ratio into linear cross-sectional area units (Tension
Reinforcement Area, As) per 1 metre plate width parameter:

As,need = p xbx d=0,0262 x 1000 mm x 117 mm = 3065.4 mm?/m

The input specifications mandate the utilisation of a 22 mm diameter macro thread profile
(D22). The absolute cross-sectional dimension of a D22 steel bar:

Ab=0.25xpx (dy)? =0,25 x 3,141592 x (22 mm)* = 380.13 mm?

The margin distance (spacing threshold) is theoretically separated by an assembly range of:

Abx 1000 _ 380.13x1000
Sneed - -

=124 mm
ASperlu 3065.4

This 124 mm spacing is clearly normal according to the fundamental structural
limitations of SNI 2847:2019, which limits the maximum bar spacing between main steel bars
to no more than 3 X hplate (1.€. 3 X 150 =450 mm) or 450 mm.

In response to the normative crack limits and to ensure that the main steel stress is
evenly distributed across each load-bearing element span, the designer calibrated the
aggressive detailing with the placement of D22 reinforcement with a 100 mm spacing
configuration along the ramp trajectory. The capacity of the reinforcement steel to be installed

after installation is:

1000 1000

As,tied = —— x Ab=—x 380,13 =3801.3 mm*m
s 100

The massive steel volume of 3801.3 mm?/m installed exceeds the static internal force
requirements (951.75 mm?/m), providing a surplus reserve capacity for the moment section
or compensation reserve for the loss of 254 mm plate thickness (from the theoretical

deflection standard deviation). but will cause strain vulnerability issues if its behaviour is not

investigated (to be analysed further in subsection E). This D22-100 configuration is applied
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uniformly as top bars (negative moment supports) and bottom bars (positive moment fields)

to facilitate utility at the site.

10.1.7.5 Ductility Strain Compatibility Check and Controlled Cross-Section Criteria

This calculation subsection is the most scientifically integral analytical process. The
application of steel with fy = 550 MPa on very thin slabs (15 cm) supporting a very high
percentage of steel (heavily reinforced section, ratio As, installed > As, required) presents a
precedent for fatal ductility crises. In the severe response spectrum earthquake in Palu, if the
concrete slab is over-reinforced, the concrete compression elements will suddenly implode
(compression-controlled failure) before the steel in the tension zone has time to melt and
dissipate its elastic energy.

Regulation SNI2847:2019 addresses the threat of brittle failure by requiring a minimum

55

>0 — .00275. The absolute

tensile strain (€,). Steel fy 550 MPa melts at a strain €, = 500,000

limit of the ductile zone (Controlled Tension) that justifies the probability of using a safety
factor ¢ = 0.90 is € > €, +0.003 or 0.00575. Reconstructing the location of the mechanical

equilibrium axis from the Whitney beam model:

1. Height of the equivalent concrete compression stress block projectile (a)

_ Astjeq xfy
0.85xfc'xb

3801,3x 550

a=———————=70,276 mm
0.85 x 35X 1000

2. Precise position of the neutral line cross-section fibre (c):
Empirical relationship factor of concrete stress ([3;) for concrete with a quality of 35

MPa, it decreases with the formula:

B 35-28\
By = 0.85 - 0.05(= ) = 0,80
Compression neutral line ¢ = Bi = —72'236 = 87.845 mm
1 .

3. Elastostatic calculation for steel fibre strain in extreme tension layers (€;) through the
geometric similarity ratio of the strain triangle:

d—c
= (T &

117— 87.845
Et =
87.845

)0.003 = 0.001
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CONCRETE COMPRESSIVE STRAIN (TOP FIBER)
g, = 0.003 (Crushing Limit)

EXTREME TENSION STEEL ELONGATION WHITNEY STRESS

(BOTTOM FIBER) K

2 = 0.001 (Yield Point) METHODOLOGY
EQUIVALENCE

Figure 32 Graphical Mapping of Analytical Strain Compatibility Distribution in Whitney
Beam Mechanics

A definitive mechanical precision analysis confirms that the strain experienced by the
steel fibres (0.001) successfully exceeded the strict ductile threshold limit (0.00575). This 15
cm plate, filled with 550 MPa massif steel weighing a total of 16.3 kg per square metre, has
been proven on a sheet of calculation paper to be capable of maintaining the manifestation of
ductile flexibility properties that are flexible and resilient in overcoming and exploiting the
momentum of Palu City's tectonic amplitude movement safely (fail-safe tension controlled

mode).

10.1.8 Transverse Design: Concrete Shear Capacity and Stirrup Reinforcement

Reinforced concrete design for slab components bases shear transverse resistance
predominantly and entirely on the friction strength of the cross-section and the bond of the
concrete aggregate matrix without external assistance. Floor slab intervention for this force is
called Slab Shear Resistance (Vc). Unlike flexural force analysis, which is aimed at protecting
against strain deformation, transverse shear stress failure occurs instantly without any initial
damping manifestation in the form of deflection (brittle diagonal tension crack).

1. Verification of Pure Shear Resistance Strength by Reinforced Concrete Core (Vc¢)
The calculation model for the shear strength of concrete in a 1-metre cross-section
is referenced in the standardisation SNI 2847:2019 Article 22.5. Because the

formulation uses conventional dense non-foamed concrete, the density factor A = 1,0:

Ve=0,17xAxVfcxbxd
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Ve=0,17x1,0xv35MPax 1000 mm x 117 mm = 117,67 kN/m

To incorporate risk tolerance and casting anomaly weaknesses that could weaken
shear bearing capacity (such as creep cracks, porous aggregate pockets), a shear
resistance strength weakening factor for purely non-seismic systems of ¢ = 0.75 is
applied.

¢$Ve=0,75x 117,67 kN/m = 88.25 kN/m
Design Justification Mechanism for the Use of D12 Transversal Sengkang
Specifications with a Quality of 280 MPa

The potential shear force load at the edge of the cantilever support beam has been
recorded as Vu =46.81 kN/m. Through a simple determination test, the computed shear
resistance value of the actual concrete core cross-section Ve (88.25 kN/m) clearly
exceeds the accumulated shear stress of the external limit load Vu (46.81 kN/m).

Conventionally, the basic structural guidelines of ACI 318 or SNI 2847 clearly
state that if the design nominal ¢Vc far exceeds the realised shear load Vu, the
installation of mechanical shear locking devices—such as stirrup wraps—is an
unstandardised waste. So, why does the hospital construction specification report on
this project table specifically delegate the procurement of stirrup reinforcement: 280
MPa (12 mm diameter) in the ramp fabrication package?

The presence of 12 mm soft-threaded cross-profile reinforcement (280 MPa) in
the inclined slab structure holds a far more hierarchical and strategic structural
responsibility than the conventional transverse force resistance function:

. Functions of Shrinkage, Temperature, and Flexural Crack Moment Dividers
Essentially, this reinforcement is installed transversely perpendicular (90
degrees perpendicular) to the D19 550 MPa quality track rail. It serves to limit the
width of thermal crack propagation over a span of 6 metres and to evenly
distribute the concentrated load caused by the impact of rolling wheels or the
landing of accelerating human feet from a unidirectional strain line to the
surrounding 2D cross-sectional area (load sharing and re-distribution protocol).
. Confinement Tie Effect
The use of massive 19 mm diameter longitudinal steel bars on top of slabs
with very narrow 100 mm cavities introduces matrix adhesion problems and the

threat of splitting crack bond failure (longitudinal adhesion cracks due to
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hydrostatic pressure from the expansion of steel ribs into the 25 mm thin concrete
cover). The placement of D12 transverse stirrups will anchor these main bars in
place, providing local static compressive restraint to the concrete cylinder above
the cover.

. Anticipating Diaphragm Action (Strut-and-Tie Diaphragm Action) in Dual
Systems (Dual SMRF + Shear Wall System)

The SMRF moment frame and RC shear walls are dynamically connected
to form a lateral coordination formation. During the P-S harmonic wave
amplification event when the tectonic earthquake frequency struck the foundation
in Palu (triggered by the vibration amplification response from the characteristics
of soft alluvial deposits and sand prone to liquefaction, as explained by the CPT
analysis in the technical subject of the report), each discrete point per slab level
will be displaced by the floor spectral acceleration. The sloping solid concrete
ramp itself instantly transforms into an unintended diagonal compression strut that
will be caught by massive amplitude transient axial compression stress surges.
The presence of the D12 orthogonal network will prevent the danger of diagonal

strain relaxation at the meeting face of the cantilever support beam and the bordes.

The minimum required shrinkage wire area must be perpendicular to the plate
dimension, referring to a ratio of 0.0014:
Volume of shrinkage = p_shrinkage x bx h

AS,min shrinkage = Pshrinkage X D X h

AS,min shrinkage = 0,0014 x 1000 x 150 =210 mm?*/m

Area of cylindrical iron bars D12 (fyt = 280 MPa): 0,25 x 3,141592 x (12 mm)? =
113,097 mm?

The maximum crack spacing requirement mandates installation every 450 mm.
Due to urgency and the factor of adhesion propagation integration, transverse clamps

are induced at constant precision intervals D12 - 150 mm.

Expanded cross-sectional area: 110—;00 x 113,097 = 753,98 mm?*/m

This measurement of 753.98 mm? is calibrated well above the critical threshold (210

mm?) and is robust enough to act as a guarantee of torsional compatibility.
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JTION REINFORCEMENT

e

I

mp Plate

Figure 33 Representation of a Typical Cross-Section of a 150 mm Thickness Ra
Matrix

In order to create coherent technical structural analysis literacy for execution developers
and facilitate audits by fellow engineers, a compilation of the engineered synthesis of steel
reinforcement components calculated through Subsections 10.1.7 and 10.1.8 is recorded in

Table 54 below.

Table 54 Synthesis of Staircase Reinforcement

Ramp Plate o Strength DlmenS}on & Actual
Characterisation of . Spacing
Component Quality . Installed Area
Stress Configuration .
Elements 15 cm (fy) Plan Conversion
Longitudinal Flexural Tension 550 MPa
Reinforcing Steel | Moment (Upper & (Ulir) D19 - 100 mm | 3801.3 mm*/m
(Main) Lower Fibres)
Temperature,
Transverse .
Reinforcing Steel Shrinkage,
g Confinement 280 MPa | D12 -150 mm | 753,98 mm?/m
(Cross-bracing/ oL
o Binding, Lateral
Partitioning)
Shear

10.1.9 Structural Engineering of Landing Edge Elements and Transition Support
Beams

Along the elevation line of the sloping slab structure, the ramp will have temporary rest

terminals at certain interval stopping points that separate the variations in the range of
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dimensions of the evacuee's turning manoeuvres. This transitional landing area is known by

the construction nomenclature Bordes (Landing Slab). The architectural specifications

stipulate a clear span width of 3.0 metres with a track length ratio of 4.0 metres. This area is

secured by a structural support matrix intervention, namely rigid Bordes Beams with a width

of 250 mm and a total vertical profile thickness (from the shell to the flexible cover) of 450

mm.

1.

Mechanical Analysis of Bordes Plate Behaviour
The deck plates with a span geometry of 3.0 metres and 4.0 metres are flanked by

perimeter support beams. An elastostatic review with a linear parameter index

(

numerical limit of 2.0. These physical conditions empirically justify modelling the

Long Side Ratio 4,0 . . .
e D = 1,333) projects an index coefficient that does not exceed the
Short Side 3,0

bordes as a two-way action slab that flexes like a shallow bowl, transferring the
centripetal reaction tensile stress to all four supports crosswise.

Although in terms of treatment, the local deformation of the plate flexes
asymmetrically in two directions, the elevation of these monolithic borders is integrated
and cohesively bonded to the steel cross-section of the inclined ramp. The turbulent
extreme evacuation impact load (LL = 4.79 kN/m?, equivalent to an estimated qu =
13.568 kN/m?) is distributed evenly across the plate. Because the spans of the border
track are smaller transversely (effective limits of 3 and 4 metres, compared to the 6-
metre critical span of the ramp track), the application of a standard thickness of 150 mm
in this flat area has a very satisfactory deflection stiffness margin, completely free from
the risk of vibration and concave curvature (exceeding the requirements of the SNI two-
way slab deflections limitation rules modification factor thickness = 130 mm). The
previously evaluated reinforcement mesh (D19-100 mm longitudinal and D12-150 mm
orthogonal cross) will be applied evenly across the entire slab surface to ensure smooth
continuity of material interlocking in the construction workmanship in Palu.
Interrupted Bordes Block Assessment (Dimensions 25 cm x 45 cm)

The 25 cm x 45 cm cross-sectional support beams act as vital components in
damping axial forces and transverse torsional moments in the Dual System SMRF
building. These support beams, which connect the main axes of the 4 m and 6 m
columns, operate under extreme combinatorial forces that are transmitted

simultaneously. First, it withstands the direct transfer of vertical lateral forces equivalent
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to half the dead-live load of the sequential ramp span leaning against it and half the
centrifugal forces transferred from the landing floor.

Secondly, kinematically, its position connects two asymmetrical inclined plate
floor diaphragms that slide constantly. Complicated dynamic eccentric torsion
(equilibrium torque of central force) occurs when the asymmetrical paramedic mass
rushes frantically, concentrating at one end of the ramp staircase during a specific
evacuation event. Thirdly, the dimensional profile of the high-benefit vertical sliding
lever arm of this beam (d = 450 mm — 40 mm concrete cover — 10 mm reinforcement —
(0.5 x 22 mm longitudinal reinforcement) = 389 mm) is calculated to be capable of
adequately dampening the excitation of inertial translation forces to the concrete core
of the building without significant displacement. When injected with advanced 550 MPa
grade rigid-flexible reinforcement steel (4 D22 lower bar compartments, 3 D22 upper
supports), the nominal elastic rotational cross-sectional capacity (nominal moment
capacity, Mn) of this horizontal structural beam is represented as being able to relax and
robustly absorb the bending fixation moment up to a spectrum level of ~160 to ~210
kNm, and evacuate this residual rotational moment flow to the concrete pillar core

cross-section.

10.1.10 Interaction of Ramp Trajectories with Dual Systems (SMRF + Shear Wall) and

Palu Seismic Detailing Requirements

The evaluative substance integrated into the ETABS Response-Spectrum Analysis

report structure focuses on the engineering of global structural system oscillation response at

the Site-Specific CPT acceleration level. The Double System-reinforced construction bears

the load fusion between the highly resilient beam-column system that dissipates lateral plastic

energy and the super-massive concrete shear wall core arrangement that dampens interstory

drift (lateral flexural limitation balance). The role of these inclined tracks and borders is

strictly bound by this system with the requirements of special provisions (Special Provisions

Design Detailing) ACI-318 Chapter 18 / SNI 2847:2019 Article 18.2.

1.

Details of the Transfer Length of the Steel Fastening Anchor (Development Length, 1d)

The functional adoption of D22 massive reinforced steel bars with super-rigid
yield strength (range of 550 MPa) triggers the risk of tearing the protective cover (rip
and spall out phenomenon) from the fixed joint support of the bordes connection and

the base of the cantilever column beam when the acceleration graph peaked. In order
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for the D22 steel bars to successfully articulate to the perfect ductile yield zone without
being pulled back through the concrete bond, the hook anchorage embedment length
(I1dh) within the structural support matrix must be realised to the absolute maximum
extent. All negative bending moment longitudinal reinforcement bars must be detailed
to end in a standard 90-degree bend or curve configuration or a specific 135-degree
hook anchorage node with a straight fin extension of 12db in the area of the plate
connectivity joint to the building edge structural support (edge of the cantilever support
beam).
2. Voltage Harmonisation and Cold Joint Construction

The complexity of casting a 15 cm sloping facade over such a large area
realistically requires the operational cessation of concrete pouring at one-third of the
span or at the point of zero shear inflection of the bordes. The joint interface surface
must be soaked with a roughness agent retarder, brushed and rubbed until coarse broken
rock appears so that the interlocking molecular friction bond fusion of the fresh concrete
in the next casting stage can absorb simultaneous tension, fully facilitated by extra

dowel reinforcement (dowels splice bars) on the inclined transition section of the track..

PILLAR
CORE BLOCK

RAMP SLAB
SECTION

EXTRA SPIRAL HOOP
ANCHORAGE BEND RADIUS

CONFINEMENT ZONE
(PLASTIC HINGE)
SMRF EXTREME SEISMIC DESIGN
(PALU-KORO FAULT EPICENTER)

PLASTIC HINGE ANCHORAGE CONNECTION DETAILING
Figure 34 Macro-detail construction modelling of the development length of high-yield steel
reinforcement bars at the nodal point of a monolithic ramp plate joint transition supported
by a beam structure

3. Mastery of Constant Concrete Cover Curing
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The physical melting resistance component of 550 MPa profile steel has
mechanical engineering properties that are susceptible to localised micro-spalling
complications when the surface cross-section molecules of the steel profile are invaded
by ionic oxidation rust agents. A 25 mm thermal insulation protective coating on all
sides, top and bottom surfaces suspended from the formwork, must be fixed at a safe
distance by implementing the placement of cone-shaped, dense, cylindrical concrete
mortar blocks (concrete bar-spacer blocks/decking pads) arranged in an asymmetrical
grid pattern at close intervals (every 0.8-1.0 metres per square metre of plate area).
Failure to stabilise and maintain the thickness of this protective binding blanket during
vibration with a hydraulic mechanical concrete vibrator (vibrator compaction) has an
immediate corrosive effect. The concrete blanket is not only an extension of the
structure, it is the front line of thermal fire resistance and the first line of defence in the

event of a mass evacuation.

10.2 Staircase Planning

Perhitungan Struktur Tangea Rumah Sakit Palu - Google Dokumen

The structural design of staircases in high-rise hospital buildings, particularly those
located in areas with high seismic vulnerability such as Palu City, requires comprehensive
analytical precision and a highly in-depth engineering approach. Stairs are not merely
architectural elements for vertical circulation between floors, but rather massive structural
elements with significant axial and flexural rigidity. In the context of a dual seismic force
resistance system (Dual System: Special Moment Resisting Frame System or SMF combined
with Special Reinforced Concrete Shear Walls), the interaction between the staircase slab and
the main frame often creates a short-column effect or triggers an undesirable strutting effect
if not properly detailed. Therefore, the structural evaluation of the staircase in this hospital
should not be reduced to merely a simple flexible slab calculation.

This subsection will describe comprehensive manual calculations of reinforced concrete
stair elements, starting from the translation of geometric parameters, determination of
gravitational loads, static modelling and internal force mechanics, to cross-section capacity
design using the ultimate strength design approach. The entire analytical process is based on
the capacity design philosophy in accordance with SNI 2847:2019 concerning Structural
Concrete Requirements for Buildings, integrated with SNI 1727:2020 concerning Minimum

Design Loads, and taking into account the seismic detailing implications of SNI 1726:2019.
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In accordance with the design limitations set out in the project criteria, stair comfort analysis
(such as ergonomic slope ratio or tread ratio formula) is excluded from this document, so that
the focus is entirely on structural integrity, strain compatibility, and compliance with specific
absolute reinforcement limitations that require a maximum spacing of 150 mm for all types

of reinforcement.

10.2.1 Geometric Parameters, Spatial Reconciliation, and Material Characteristics

The first fundamental step in evaluating the mechanical structure of reinforced concrete
stairs is to define the spatial geometry parameters and mechanical specifications of the
materials to be used. These geometric parameters will determine the angle of inclination of
the staircase, the equivalent plate thickness for self-weight calculations, and the clear span
that will affect the maximum bending moment value in static analysis. On the other hand, the
mechanical specifications of the material will determine the cross-sectional capacity limits,
stress-strain behaviour, and ductility of the elements when subjected to ultimate loads.

Based on the given project design criteria, there is a set of geometric parameters that
require careful analytical reconciliation. Given a floor-to-floor height of 3.3 metres, this
means that the vertical height for one half-flight of stairs from the floor beam to the landing
beam is 1.65 metres. With an elevation dimension of the riser or optrede (0) of 15 cm (0.15
metres), the number of optrede required to reach the landing is 11 (1.65 / 0.15 = 11). The
geometric consequence of 11 optrede is that there are 10 treads or antrede (a). Given that the
antrede dimension is 9.1 cm (0.091 metres). If we multiply the number of steps by the antrede
dimension, the pure horizontal length projection of the staircase arrangement is 10 x 0.091
metres = 0.91 metres.

However, the design data also explicitly specifies that the horizontal span from the
support beam to the landing beam is 2 metres. There is a spatial difference between the length
of the staircase (0.91 metres) and the specified structural span (2 metres). In this analytical
modelling, the horizontal length difference is assumed to be distributed as a flat transition
plate element or support thickening between the last tread end and the beam placement.
Nevertheless, to maintain maximum static design conservatism, the entire dead load of the
inclined span will be evaluated by projecting the load uniformly on the full horizontal
projection along 2 metres. The analysis of the slope angle (o) for the slab load transformation

will be calculated purely based on the instructed optrede and antrede ratios.
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The material characteristics and table below provide a complete summary of the
architectural and structural parameters that serve as deterministic inputs in this calculation.
The material characteristics used reflect high-performance specifications that are very
common for critical infrastructure such as hospitals in high-seismic zones. The use of concrete
with a compressive strength (f'c) of 35 MPa ensures high durability and elastic modulus, while
the use of main reinforcement steel with a yield strength (fy) of 550 MPa (Grade 80) indicates
the need for massive flexural capacity in limited cross-sections. The relationship between
spatial geometry parameters and the mechanical properties of these materials is systematically

summarised in Table 55 to facilitate further calculation verification.

Table 55 Recapitulation of Staircase Geometry Planning Data and Material Quality

Category Descriptive Parameters Simbol Nilai Satuan
Total Height Between Floors H 33 m
Half Span FElevation Height (to T~ 1.65 m
Bordes)
Net Stair Width L 1.9 m
Structural Horizontal Span (Beam Lsuine 20 m
to Bordes)
Ramp Dimensions (Optrede) 0 15 cm
Staircase Tread Dimensions (Antrede) a 9.1 cm
Geometry ggrde§ Plate Width (Transverse Lbordes 30 m
irection)
ggrde§ Plate Length (Longitudinal Prories 40 m
irection)
Actual Thickness of Stair and : 15 om
Bordes Plates
Bgrdes . Beam  Cross-Section bw x h 25 % 45 om
Dimensions
Concrete Cylinder Compressive
Strength (28};)ays Old) ’ fre 39 MPa
Yield Strength of Main Flexural
ReinforcinggSteel fy 350 MPa
Yield Strength of
Material Shear/Transverse Reinforcing | fyt 280 MPa
Grade Steel
Nominal Diameter of Main .
. . Dmain 22 mm
Reinforcing Steel
Nominal Diameter of Transverse D 12
Reinforcing Steel geset mm
Clean Concrete Cover Thickness | cc 25 mm
Design Absolute Limit of Reinforcing < 150 mm
Limits Steel Spacing (Main & Shear) e
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Based on the optrede and antrede parameters from Table 55 above, basic trigonometric
calculations must be performed to find the angle of inclination of the sloped plate stair
element. This angle () is defined as the tangent arc of the ratio of the vertical height of the
step to the horizontal length of the step.

a = arctan(1.6483) = 58.75°

The trigonometric function value for this angle of inclination is:
sin(58.75°) = 0.8549
cos(58.75°) =0.5188

This angle of inclination, which reaches 58.75 degrees, represents a very steep
inclination, which is physically compensated by a defined structural span of 2 metres. The
cosine value of this angle of inclination (cosa = 0.5188) plays a very crucial analytical role.
This value will be implemented as a direct divisor in the subsequent load analysis subsection
to transform the inclined thickness of the concrete slab into an equivalent perpendicular

thickness on the vertical gravity plane.

10.2.2 Gravity Load Analysis Based on SNI 1727:2020

Gravity load analysis forms the basis of the entire structural calculation sequence, where
accuracy in determining loads directly dictates the magnitude of shear forces and bending
moments that must be amortised by stair slabs and bordering beams. Loading is strictly
evaluated based on the Indonesian National Standard SNI 1727:2020 concerning Minimum
Design Loads and Related Criteria for Buildings and Other Structures. Given the interactive
nature of the load components, the loads on the stairs are deterministically classified into three
perpendicular vector components: Structural Dead Load (DL), Superimposed Dead Load
(SIDL), and Live Load (LL).

The narrative explaining the list of load breakdown points below describes analytically
how each load quantity is obtained. The calculation of the inclined stair slab load is broken
down into the weight of the inclined slab transformed into a horizontal projection plane, and
the weight of the triangular prism-shaped concrete mass that forms the stair treads. The

ultimate load combination is compiled using an overload probability factor to provide the
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safety margin required by SNI. The relationship between these individual calculation
distributions is then summarised into a single ultimate line load in Table 56.
1.  Dead Load (DL)

The pure structural dead load consists of the self-weight of reinforced concrete
elements. In accordance with universal civil engineering material specifications, the
normal density of reinforced concrete (y_c) is assumed to be 24 kN/m?. For sloping stair
slab elements, the weight of the slab must be accurately transformed or projected onto
the horizontal plane. The equivalent thickness of an inclined stair slab is calculated by
dividing the actual thickness of the slab by the cosine of the angle of inclination. In
addition to the bearing slab, the stair tread assembly (riser and landing) provides
additional dead weight. The equivalent uniform load of the stair treads on the horizontal
projection is calculated as the cross-sectional area of one stair tread multiplied by the
concrete density, divided by the width of the riser, which can be algebraically simplified
to half the height of the riser multiplied by the concrete density. Calculation of loading
on the horizontal projection of an inclined stair slab:

. Equivalent weight of inclined plate (Wpiatc)

txyc
Wplate =
cosa

0.15m x 24 kN/m3
0.5188

= 6.939 kN/m?

Wplate =

° Equivalent weight of a staircase (Wistaircase)

o _015m

Witaircase = ZXYe x 24 kN/m?® = 1.800 kN/m?

. Total Dead Load of Staircase Structure (DLstuirs): 6.939 + 1.800 = 8.739 kN/m?
Load Calculation on Horizontal Bordes Plates:
For balustrade plates that extend at a constant elevation on a purely horizontal plane,
the calculation does not require trigonometric projections and there is no additional stair
load.
. Total Dead Load of Bordes Structure (DLpordes)

DLbordes = t X ¥ = 0.15 m x 24 kN/m3 = 3.600 kN/m?

2. Superimposed Dead Load (SIDL)

Additional dead loads represent permanent non-structural components that will
be installed on top of the plain concrete slab. These include levelling screed, floor
covering materials (such as ceramic, granite, or hospital epoxy coatings), the load from

installing railings or steel stair handrails, and mechanical and electrical (MEP) utility
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hangers beneath the slab. Based on the project input specifications, the SIDL load has
been accumulated and set at an absolute value of 1.32 kN/m?. This constant load is
applied evenly to both the sloped span of the stair slab and the flat zone of the landing
slab.

3. Live Load (LL)

The determination of live loads is a crucial aspect that directly represents the
functionality of a building. Because this structure functions as a high-rise hospital
facility with patient mobility, medical staff, and stretcher evacuation, live load
parameters cannot be equated with ordinary residential or commercial buildings.
According to the live load table standards in SNI 1727:2020 (Article 4), the minimum
design live load for hospital corridors, public service areas, and exit ways such as stairs
is required to use a high load to accommodate mass accumulation during emergencies.
The live load (LL) value given in the design parameters is 4.79 kN/m?. This value is in
line with international standards (equivalent to 100 psf) for evacuation routes in primary
health facilities, so it will be used as the basis for calculation.

4.  Ultimate Load Combinations

The design of reinforced concrete elements in this report adopts the Limit State
Design (LRFD) procedure, which requires service loads to be multiplied by a load factor
to mitigate uncertainty in estimating future loads and variations in quality of execution
in the field. In accordance with the basic combination of pure gravity loads in SNI
2847:2019, the critical ultimate condition configuration is expressed as: U =1.2 DL +
1.6 LL.

Given that one-way slab calculations are generally reviewed per cross-section width of
1 metre (b = 1.0 m), the area load (kN/m?) can be equivalently transformed into a uniform
linear load (kN/m) on the static reference line. Calculation of equivalent factored load on the
stair slab section (qu,stair):

qU,stair = DL stair + SIDL = 8.739 + 1.320 = 10.059 kN/m

qU,stair = 1.2 (qp, stair) + 1.6 (LL) = 1.2 (10.059) + 1.6 (4.79) = 19.735 kN/m

Calculation of Equivalent Factor Load on Bordes Plate Pias (qu,pordes):

qp,bordes = DLbordes + SIDL = 3.600 + 1.320 = 4.920 kN/m
Qu,bordes = 1.2 (qD,bordes) + 1.6 (LL) = 1.2 (4.920) + 1.6 (4.79) = 13.568 kN/m
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Table 56 below summarises the quantification of the entire load spectrum that has been
evaluated, formulating the fundamental differences in load intensity between the inclined
plate zone and the border zone. This numerical separation underpins the accuracy of

engineering mechanics modelling in the subsequent stages.

Table 56 Recapitulation of Gravity Loading Working on a 1-Meter Wide Plate

Live Ultimate
Structural Element DL SIDL Total Dead Load, | Gravitational
Structure Load, qD
Segments (kN/m) (kN/m) (kN/m) LL Load, qu
(kN/m) (kN/m)

Horizontal
Projection of Stair | 8.739 1.320 10.059 4.790 | 19.735
Slabs
Horizontal Elements
of Bordes Slabs 3.600 1.320 | 4.920 4.790 13.568

10.2.3 Static Mechanics Modelling and Internal Force Distribution

The crucial step after load quantification is to translate the interaction between loads
and geometry into structural mechanics modelling in order to extract the maximum ultimate
shear force (Vu) and maximum ultimate bending moment (Mu). For the purpose of analytical
reinforcement calculations, the stair slab and bordes slab system is statically idealised as a
simple beam structure on two supports (hinged and roller supports) spanning the horizontal
axis projection. The first support (Support A) represents the support on the main beam of the
bottom floor of the staircase, while the second support (Support B) represents the reaction
supported by the transverse bordes beam at the middle elevation of the floor.

Given that the direction of the circulation span distributes the direct load force flow
towards the landing beam, the length of the idealised structural span is the sum of the
horizontal span of the staircase (2.0 metres) and the longitudinal span of the landing slab. The
width of the landing is given as 3.0 m while its length is 4.0 m. In an asymmetrical floor plan
configuration, the 1.9-metre-wide staircase area will rest on the extended landing. Since the
landing is an area that functions to support the staircase slab, the "landing width" dimension
of 3.0 m is assumed to represent the span of the landing plane in the direction of the staircase
(parallel to the static line). Thus, the total static line span under consideration is:

Ltotal = Lstairs+ Lbordes

Ltotal=2.0 m+ 3.0 \m=5.0 m
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The load modelling on this idealised beam element produces a piecewise uniform load.
In the initial segment of the abscissa range x = 0 to x = 2 metres, the beam receives an evenly
distributed load from the inclined plate, q1 = 19,735 kN/m. In the foundation plate segment
of the abscissa range x = 2 to x = 5 metres, the beam receives a lighter evenly distributed load,

q2 = 13,568 kN/m.

10.2.3.1 Formulasi Keseimbangan Statika Eksternal (Reaksi Perletakan)

The initial step in solving mechanics problems is to isolate the free body diagram and
apply Newton's laws for the equilibrium of rotational moments and vertical forces. To obtain
the reaction forces at Support A (Ra) and Support B (Rg), the static moments are calculated
with the centre of rotation at each support joint. Evaluate the sum of the moments of rotation
about support B (3 Mg = 0):

The resisting force Ra multiplied by the moment arm of 5 metres must counteract the
overturning force from the uniformly distributed load of the stairs ql and the uniformly
distributed load of the landing q2. The moment arm (centre of gravity) of the stair load from
Support B is the distance of the landing (3 m) plus half the length of the stairs (2/2 = 1 m),
which is equal to 4 metres. The moment arm of the landing load from Support B is half the

length of the landing (3/2 = 1.5 metres).

Ra X Liotal — [(ql)(Lstairs) (Lbordes + %)] - [(qZ)(Lbordes) (%)] =0

Rax5—[(19.735)(2)(3 + 1)] — [(13.568)(3)(1.5)] =0
Ra =43.787 kKN

Evaluation of Vertical Translation Force Balance (3 Fy = 0):
The sum of all vertical lifting forces must be equal to the total gravitational load acting
downwards.

Ra + R =(ql X Lstairs) + (92 X Lbvordes)

43.787 + R =(19.735 x 2) + (13.568 x 3)

Rp =36.387 kN

The maximum reaction value occurs at the base of the stair slab on the lower floor (Ra).
Thus, the ultimate shear force (Vu) for the cross-sectional design of this slab has an extreme

value of 43,787 kN per 1 metre of slab width.
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10.2.3.2 Internal Mechanics Equations and Determination of Maximum Bending
Moment

The maximum positive bending moment (maximum sagging moment) in the field will
always be located precisely at the stationary point where the transverse force function curve
intersects the zero ordinate line (Vx = 0). The location of this inflection point must be found
by formulating the truncated shear force function. Reviewing the transverse force magnitude
along the stair plate span (0 < x < 2 metres):

At the transition point x = 2 metres (the meeting point of the sloping stair slab and the
horizontal landing slab), the residual shear force is:

Ve = Ra - (q1 x 2) =43.787 - 39.470 = 4317 kN

Since the lateral force value at the end of the staircase is still positive (+4.317 kN), the
zero lateral cut-off equilibrium point (Vx = 0) must be located and penetrate into the bordes
segment region (x > 2). Suppose that the variable x' defines the additional penetration distance
into the bordes plate zone from the staircase meeting point:

V() =Vx=2-(q2.x")=0

4.317-13.568 .x'=0

4317

x'= = (0.3182 meter
13.568

Geometrically, the spatial ordinate of the maximum moment location is at an absolute
distance of Xmax = 2.0 + 0.3182 = 2.3182 metres, measured horizontally from the end of
Support A.

After the functional extremum point is mapped, the ultimate bending moment
magnitude (Mu,max) is calculated by reviewing the area of the accumulated transverse force
diagram, or equivalently using the static partial section equilibrium method at the absolute

distance Xmax:
Mu,max = (Ra)(Xmax) — [(ql)(]—‘stairs) (x’ + #)] - [(qZ)(X') (X;’)]
Mu,max = (43.787)(2.3182) - [(39.470)(39.470 + 1)] — [(13.568) (—(0'31282)2)]

Mu,max = 48.792 kNm

In addition to positive bending moments in the field area, reinforced concrete slab
elements that are cast and monolithically cast with beam support elements will inherently

develop a degree of elastic clamping. The rotational stiffness of the support beam causes
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tension in the upper concrete fibres (negative support moment). Based on the reinforcement
detailing principle (ACI Code Detailing) adapted by SNI 2847:2019, for one-way slab

systems that are supported and cast monolithically with vertical elements that have a certain

stiffness, the negative bearing limit moment is often approximated to a minimum of i w L2

Although this negative moment (Mu,neg =~ 2—14 X Qave X 5° = 17 kNm) is numerically far inferior,

the reinforcement configuration of the upper slab must be secured. For the purposes of
comprehensive analysis, the main design will be fully controlled and penetrated using the

maximum field moment Mu = 48,792 kNm.

10.2.4 Analisis Kompatibilitas Regangan dan Desain Tulangan Lentur Pelat

The most profound analytical challenge in this subsection on reinforced concrete
staircase design arises at the stage of reinforcement capacity design. The reinforcement design
must skilfully reconcile the ultimate bending moment force (48,792 kNm) with the functional
dimensions of the staircase cross-section (b = 1000 mm, h = 150 mm). The technical difficulty
is compounded by the absolute deterministic restrictions emphasised in the Palu City RS
structure planning criteria: the use of extreme quality and diameter steel elements (D22 thread
with a yield strength of 550 MPa) and the imposition of operational requirements that regulate
the absolute maximum spacing between reinforcement bars to 150 mm.

Based on the cross-sectional geometry, the effective structure depth parameter (d),
which is the mechanical lever arm between the outer concrete compressive fibres and the
tensile reinforcement centre of gravity, is the key variable determining flexural capacity. With
a total plate thickness (h) of 150 mm, a minimum concrete cover (cc) of 25 mm, and the
assumption that the steel is installed in the first layer perpendicular to the span, the effective
height parameter d is:

d=h - cc— (0.5)(Dmain) = 150 - 25 — (0.5)(22) = 114 mm

According to Whitney's equivalent square block stress probability theory as stated in
SNI 2847:2019 Article 22.2.2.4, the concrete compressive block thickness reduction
distribution factor (3;) must be interpolated if the concrete compressive strength (f'c) is above
the normal threshold of 28 MPa. For high-quality concrete applied at RS Palu (f'c =35 MPa),

this coefficient is equal to:

B, =0.85 (0.05 x fc';zg)
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35-28
7

B, =085 (0.05x Z=22) = 0.80

10.2.4.1 Critical Flexural Cross-Section Requirements (As necessary)

To find the exact area of reinforcement steel (As) required to support Mu, the moment
resistance approach of the cross-section is initiated. The equivalent moment resistance
constant of the cross-section (Rn) is derived by reducing Mu using the ductile strength

reduction factor (¢ = 0.90):

Mu

Rn:c])bd2

48.792 x 10°

Rn = (0.90)(1.000 mm) (114 mm)?2 =4.171 MPa

Rasio modular perbandingan tegangan luluh baja dengan kuat tekan blok beton efektif

ekuivalen (m) adalah:

fy 550
m = =
0.85fcr  0.85x 35

= 18.487

Basic analytical flexural strength ratio (prequired) Which empirically restores the quadratic

curve equilibrium:

1 2mRn
Prequired = (;) (1 - [1- fy >

1 2)(18.487)(4.171
Prequired = (5533 (1 - J - )> = 0.00820

18.487 550

SNI 2847:2019 provides guidelines for absolute engineering restrictions on the
minimum plate ratio value. The minimum flexible reinforcement ratio of shrinkage-controlled

elements (pp,in) modified for high-strength steel (Grade 80 or fy = 550 MPa) is the largest

parameter of the nominal value % =0.00137 or the absolute limit (0.0014). Because

the calculated engineering flexural ratio (prequirea = 0.00820) is significantly greater than
Pmin, the design is technically dictated by the actual ratio prequired- Calculation of the basic

requirement for absolute flexible steel area (Asrequired) ON @ one-metre equivalent longitudinal
section:

ASrequired =p xbxd

ASrequired = 0.00820 x 1000 x 114 = 934.8 mm*/m
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10.2.4.2 Design Configuration Anomalies and Reconciliation of Limit Strain
Compatibility (Ductility)

The fundamental understanding of structural engineers regarding the critical criteria
restrictions of the Palu City Hospital project was tested during the steel installation (detailing)
stage. Project parameters strictly require the use of massive steel with extra tension
specifications of D22 - 550 MPa, and the distance between steel in the main lane must not
exceed 150 mm. Evaluation of the geometry of a single D22 threaded profile:

Ab=0.25 7 D?=0.25 x 3.141592 x (22)* = 380.13 mm2

Theoretically, a rationally designed reinforcement spacing configuration that complies

with pure stress requirements (Asrequired) can be extended to the spacing interval:

Abx 1000 _ 380.13 x 1000
ASrequired 934.8

=406 mm

Srational =

Based on the flexibility in SNI 2847:2019 Article 7.7.2.3, the detailed procedure for
one-way plate reinforcement allows engineers to spread steel up to a maximum distance of 3
times the plate thickness (3 x 150 =450 mm) or 450 mm. However, deterministic operational
criteria (project-specific mandate) negate this SNI regulation and the use of a maximum
spacing rigidity of 150 mm. This is projected as a hyper-conservative measure to mitigate the
stiffness of flexible plates against the effects of crack widening, despite implying significant
mechanical deficiencies. Consequently, we must analyse this 15 cm thin plate element with a
D22 dense configuration aligned every 15 cm. Quantification of the effective area of the

installed steel structure (Asinstalled) ON a 1-metre section:

ASinstalled = % x 380.13 =2534.2 mm?*m

A flexible structural element containing a steel area of 2534.2 mm?*m (equivalent to
271% above the absolute flexible engineering limit required) in a very thin effective concrete
section (114 mm) produces an anomaly known as an over-reinforced section. Ductility in
earthquake-resistant design requires that the yielding of steel (€5 > €,) govern the failure of
the element, rather than the brittle compression of the concrete compression block. The

evaluation of the ductile outer layer strain of steel (€;) must be demonstrated.
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Calculating the Equivalent Concrete Compressive Strength (a):

— (Asinstalled)y)
(0.85)(fc")(b)

_ (2534.2)(550)

~ (0.85)(35)(1000) 46.85 mm

Calculating the Geometric Abscissa of the Neutral Line of Translation of a Cross Section (c):

Tensile Yield Strength of Steel Material (fy = 550 MPa):
The linear elasticity modulus of steel (Es) is set at 200,000 MPa, so the yield strength is:

Y Es 200,000

Analysing the Compatibility of Steel Tension Fibre Strain (€;):
By adopting the postulate that a flat cross-section will retain its surface properties when

resisting bending deformation torsion (concrete compressive stress limit €. = 0.003):

2-C 5 0.003 = 2258361 003 = 0.00284
c 58.56

€=

Synthesis of Compatibility Anomaly Discovery:

The phenomenological interpretation above describes a highly vulnerable mechanical
crystallisation condition. The responsive strain generated in the reinforcement matrix
(0.00284) is only marginally above the absolute yield threshold (0.00275). According to the
codification of SNI 2847:2019, for an element to be considered capable of facilitating perfect
elastic dissipation of seismic energy (tension-controlled), the extreme yield value of steel must
range at a minimum of € = 0.005. Our element is actually stuck in an ambiguous area
classified as the Transition Region.

Based on the penalty provisions of SNI 2847:2019 Article 21.2.2, a deflection-resistant
structural element that is forced to enter this mechanical zone will be penalised with a linear
reduction of the flexural resistance capacity factor (¢). The empirical damping factor (),

which was originally assumed to be an ideal 0.90, will be automatically reduced to

approximately 0.65 to compensate for brittle failure vulnerability.

$=0.65+025x —¥_

0.005— €y

b = 0.65 + 0.25 x 220284 - 000275 _ ; 6

0.005—-0.00275
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The absolute actual moment-resisting capacity (¢pMn) guaranteed by this hyper-reinforced
slab:
Mn = ASinstalled X fy x (d - %)

Mn =2534.2 x 550 x (114 - @) =126.24 x 10° N.mm = 126.24 kNm

¢Mn = 0.66 ¢ 126.24 = 83.32 kNm

Although the system's behaviour entered a highly undesirable transition strain domain
and reduced the damping factor efficiency to only 0.66, the reduced nominal moment stress
value of the structure still projected an absolute bearing capacity of 83.32 kNm, which is a
very safe position for deconstructing the bending moment triggering external forces (Mu =
48.792 kNm). Therefore, the D22 - 150 mm reinforcement formation can be certified as safe

in terms of pure strength.

10.2.5 Planning for Shrinkage, Temperature and Transverse Integrity of Reinforcing
Steel

To ensure even distribution of capillary cracks that can be triggered by fluctuating loads
and the effects of thermal shrinkage and temperature fluctuations in the concrete paste matrix
during massive hydration, SNI requires the implementation of perpendicular longitudinal
steel to distribute the tensioning force. This transverse reinforcement also benefits in
accommodating momentary concentrated loads on stairs.

In the parameter instructions, specifications for secondary/transverse rebar are provided
in more moderate class characteristics, carrying a specific yield strength of fyt = 280 MPa
with a D12 cross-sectional profile.

Based on SNI 2847:2019 guidelines regarding concrete shrinkage, the requirements for
controlled transverse reinforcement of conventional solid slabs are set at a cross-sectional area
of pmin = 0.0020 relative to the total gross area (Ag).

ASdepreciated, necessary = P X b X h

Asdepreciated, necessary == 0.0020 X 1000 X 150 = 300 mmz/m
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As with the main reinforcement design restrictions, the spacing of transverse
reinforcement bars is strictly limited to a maximum width of 150 mm from one node to
another. Evaluation of the cross-sectional area of D12 stirrups:

Abshrink = 0.25 x T x 122 =113.1 mm?

Pemakaian tulangan terpasang aktual D12 - 150 mm merepresentasikan penyebaran baja:

1000
ASinstalled shrink = T X 113.1 =754 mm?*/m

The comprehensive volume of this profile (754 mm?) is more than sufficient to satisfy
the absolute shrinkage expansion limit criteria (300 mm?), while maintaining full compliance
with the underlined 150 mm limitation.

Table 10.2.3 below summarises the integration of understanding between the calculated
mechanical strain parameters and the geometric thickness and project constraints. Table 57
below summarises the complete specifications for the application of detailing concrete stair
plate elements, showing a contrasting comparison between rational capacity and hyper-

redundancy resulting from spacing placement restrictions.

Table 57 Final Planning for the Execution of Flexible Reinforcement and Stair Plate
Shrinkage (1 m wide)

Functional Components of Main Flexural Shrinkage & Thermal
Elements (Longitudinal Axis) (Transverse Axis)

Critical Review Points Negatlve Support & Positive | Even Across the Plate

Field Surface

Momgnt Load Limits (Mu) / 48,792 KNm Gross Ratio Requirement

Requirements 0.0020

Design Area of Axes (mm2) | 935 300

Final Configuration of

Installed Steel D22 - 150 mm D12 - 150 mm

Execution Area of Axes 2534 754

(mm?2)

Strain Capacity Status Low Steel Strain Transition (

(Ductility) €, = 0.0028) Very Adequate

10.2.6 Evaluation of Shear Force Integrity (Transverse) of Stair Plates

The dissipation of axial shear forces from the stair tread ends continues continuously
along the diagonal projection plane to be transferred to the supporting beam structure. For
single-lane monolithic slab systems, the dominant resistance component in mitigating

asymmetric shear failure comes from concrete shear strength (Vc). The implementation
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standard SNI 2847:2019 provides special treatment for flat slab elements and shallow
foundations (footings), where these elements are naturally engineered to be purely shear
resistant using solid thickness without the installation of transverse shear reinforcement,
except where there is extreme vertical concentrated load penetration (ponce shear).

In the above bearing equilibrium analysis (Section 10.2.3.1), the ultimate shear force
value (maximum reaction shear Ra) recorded the highest value of Vu = 43,787 kN in a 1-
metre cross-section.

The pure diagonal tensile shear strength of non-prestressed concrete cross-sections with
equivalent cross-sections according to SNI 2847:2019 Clause 22.5 is empirically developed

using the material shear reduction equation.:

Ve=0.17xAx/f'cxbwxd

Where A = 1.0 represents the agglomerate density factor for normal concrete.

Vec=0.17x1.0x35x 1000 mm x 114 mm = 114,652 N = 114.65 kN

Applying the shear failure strength reduction factor modifier (pgpear = 0.75):
¢Ve=0.75 x 114.65 kN = 85.99 kN

Through limit comparison, the absolute shear load value induced into the slab, Vu
(43,787 kN), 1s very marginal compared to half of the total concrete capacity (0.5¢pVc=42.99
kN). Following the clause on the reinforcement of transverse elements, there is no requirement
to mathematically integrate the plate stirrups. With regard to the instructional parameter
statement that reads "The distance between the main reinforcement and the tie reinforcement
(shear) is a maximum of 150 mm", this engineering restriction will be comprehensively
assigned to the bordes beam calculation in the next subsection to represent the interconnection
of concrete beams. If the implementing engineer interprets the cross-tie reinforcement
requirement into a thin slab body of 150 mm, then the maximum distance of the Tie Foot
Reinforcement of 150 mm still dominates the clearance, but its pure strength is not evaluated

because Vu < ¢pVe.

10.2.7 Planning the Transition Support for Bordes Beams

The Bordes Beam elements act as static transverse supports. This reinforced concrete

frame structure receives the full transverse reaction load from the diagonal staircase
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circulation wings and the flat surface of the bordes platform, which is then transmitted

crosswise to the hospital building's structural assembly system (both the main columns and

supporting walls). Securing this element is a crucial deterministic step because the failure of

this support's integrity would contribute significantly to the collapse of one escape route in

the seismic zone of Palu City.

10.2.7.1 Analysis of External Internal Forces and Bordes Loading

The dimensional modelling and span reactions of Bordes beams were evaluated from the

geometric corridor range:

Beam Geometry: Effective width bw = 250 mm, gross beam height h = 450 mm.
Support Beam Span Estimate: In accordance with the extension of the transverse lane
width. The plan specifies a stair width of 1.9 m, while the total width of the landing
platform is 3.0 metres. The beam will be estimated to span continuously laterally,
cutting across the shaft opening along a width of 3.0 m.

Support Line Load due to Structural Reaction Point (From Roller B): Linear reaction at
the end Rg = 36.387 kN per metre of stair tread. To maintain the safety of the analysis,
this load is amortised as a uniform vertical force evenly distributed along the landing

span (full width or assumed concentrated). Equivalent plate lane load: 36,387 kN/m x

1.9 m (stair width) _
3.0 m (beam width 23.04 kN/m.

Dead Load of Pure Beam Self-Weight (Factor 1.2):
Qbeam = 1.2 X (0.25 m) x 0.45 m x 24 kN/m?®) = 3.24 kN/m

Additional Ultimate Load Reaction of Horizontal Bordes Foundation:

__13.568kN/mx4.0m
qU bordes transfer — >

=27.136 kKN/m.

Kompilasi Total Beban Distribusi Merata (qubeam): 23.04 + 3.24 + 27.136 = 53.416
kN/m.

Through extreme projections that consider the flexible placement of static asymmetrical

idealisation or joints (extreme non-homogeneous conditions):

Mu beam = = x qux L? == x 53.416 x 3.0° = 60.09 kNm

Vubeam=0.5xqux L=0.5x53.416x3.0=280.12 kN
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10.2.7.2 Shear Stress Containment Design (Stirrup Reinforcement)

The integrity design of beams resisting diagonal strain decay must demonstrate compliance
with the minimum restraint dimension requirements of SNI 2847:2019, in conjunction with
the absolute limit of D12 max 150 mm..
Equivalent latitude of the block's edge (db):

db =450 mm (h) - 40 mm (normal block cover) - 12 mm (sliding diameter) — (0.5)(22)
mm (main radius)

db=450-40-12-11 =387 mm

Nominal Cross-sectional Area of Concrete Beam (Vc):

Vec=0.17xv/35x bw x db =
Ve=0.17x 5.916 x 250 x 387 = 97,301 N = 97.30 kN
dVe=0.75x 97.30 = 72.97 kN

Describing the phenomenon of beam shear force, internal shear force, Vu beam (80.12
kN) has exceeded the absolute reduction threshold ¢pVe (72.97 kN). Given this status, SNI
imperatively dictates the installation of shear material (Vs) to prevent dimensional diagonal

collapse. The nominal extra shear load that the steel material (Vs) must bear:

80.12

Vs =22 ve=22_9730=106.82 - 97.30 = 9.52 kN
¢ 0.75

Although the required Vs is very marginal (only 9.52 kN), we are bound by the absolute
specification limits of the project in Palu, which requires the beam spacing to be limited to
150 mm with D12 diameter reinforcement (fyt 280 MPa). Using the 2-foot D12 circular
stirrup convention:

Av=2x(0.25x  x 12%) =226.2 mm?

Test the capacity of the installed Sengkang (D12 - 150 mm) with a hose radius of s = 150 mm:

Avxfytxdb _ 226.2 x 280 x 387
150

Vs actual = =163,408 N=163.4 kN

With empirical evidence, the actual transverse capacity (163.4 kN) far exceeds the

residual strength deficiency (9.52 kN), ensuring the formation of a highly massive ductile
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configuration of vibration-resistant elements and executing absolute limits without any

weakening anomalies.

10.2.7.3 Evaluation of the Main Bending Moment of Bordes Beams

Steps to define longitudinal flexibility (Mu = 60.09 kNm) using the extreme specifications of
D22 steel yield strength (fy = 550 MPa):

Mubeam _ 60.09 x 108

Rn m= =
bea ¢ bw (db)2  0.9x 250 x 3872

=1.78 MPa

Based on the reduction parameters of the flexible elements and the high specification
properties, the flexible steel reinforcement of this beam will only be required in a minimum
percentage ratio. Following the Strong-Column Weak-Beam regulation, a double pure flexible
system is installed at the top and bottom to freeze the degree of rigidity. The specified
formation accommodates the use of a single radius dimension for this project: three upper
longitudinal reinforcements and three lower reinforcements with a diameter of 22 mm (3 D
22) are installed, resulting in an absolute installation area of 1140 mm?. This area is more than
sufficient to withstand 60 kNm of transverse rotational force. Table 58 compiles the analytical
variables with physical implementation to restrain horizontal foundation deformation in the
bordes beam, meeting the strict bending and absolute transverse shear limit parameters

required by the RS Palu guidelines.

Table 58 Design Characteristics of Internal Style and Transition Reinforcement of Bordes
Beams (25 x 45 cm)

Characteristic . . | Pure Load Value / I nstalled
. Functional Analysis Reinforcement
Variables Absolute c e
Overview Parameters Capacit Distribution
pacity Configuration
Flexural Strength Ultimate Diagonal
of Beam (Mu) Span Moment 60.09 kNm 3 D 22 Upper Layer
Shear Capacity of | Maximum Cross-
Beam (Vu) Section Shear Force 80.12kN 3 D 22 Lower Layer
. Maximum Gap 150 mm (Explicit | 2 Feet D12 - 150 mm
Space Restrictions | between Elements . s
(s) Constraint) Spacing
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10.2.8 Integration of Dual System Dynamics and Palu Seismic Detailing
Recommendations

The final evaluation of the staircase mechanism design at Palu Hospital prioritised the
seismic dynamic loading parameters specified in SNI 1726:2019. The design of concrete stairs
with 15 cm thick massive slabs reinforced with Grade 80 rebar and a hyper-redundant D22-
150 reinforcement ratio resulted in structural elements that were abnormally too rigid in
accepting lateral seismic excitation. In the Dual System main structure scheme, which
combines SMF (Special Moment Frame System) and reinforced concrete Special Shear Wall
elements, diagonal concrete stairs often disrupt the building's deformation period if forced to
become monolithic (rigidly attached at both ends of the corridor). This triggers the
deformation of giant inclined struts that absorb the building's horizontal seismic energy
beyond its capacity ratio, triggering the shear crack eftect of short column pillars on the central
bordes beams (short column catastrophic failure).

Consequently, the pure gravity modelling design in Subsection 10.2 must be
harmoniously coordinated with the lateral movement of the ETABS Response-Spectrum
Analysis flexible modelling simulation. The author synthesises two essential procedural
approaches in detailing practices as a supplement to the calculation report:

1. 1. Structural Kinetic Isolation (Sliding Joint Connection)

The foremost strategy for protecting against brittle shear failure in strong earthquake

zones is to disconnect the transmission of compressive forces from the stair wings to

the building structure. The sliding plate can be physically separated by designing the
last footing end in the Bordes Support area as a pure sliding bearing/roller joint. The
gap between joints or earthquake-resistant elastomer layers is required to be able to
tolerate the inter-story drift ratio from the Palu spectrum analysis results without
pinching the staircase bars, so that the staircase is protected as an absolute post-
earthquake evacuation corridor.

2. Integration of Strut Interaction in Numerical Modelling (Monolithic Confinement)

If architectural functional space limitations require the monolithic merging of
edge beams and wing plates, the equivalent stiffness of the inclined plate plane in the
ETABS mathematical matrix must be modelled as an inter-floor diagonal support plate
element. The extra seismic shear load induced by this staircase must be controlled using
double inclined stirrup detailing encircling the critical concrete node zone that complies

with the ductility standard SNI 2847:2019. The length of the anchorage zone of the
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tension beam (1d) from the extreme configuration of D22-150 threaded reinforcement

needs to be prepared to achieve the optimal development length deep into the shear wall

matrix or practical supporting columns that cover the staircase.

Overall, the stages of calculative technical analysis described in this design report
subchapter successfully transformed the spatial geometry interaction of anomalies, mass
evacuation loading parameters based on SNI 1727:2020, and high material reliability
compensation, into a holistic and comprehensive reinforcement mechanism system design in
accordance with the absolute limitations of SNI 2847:2019. The extracted pure mechanical
design remains responsive and highly adaptive to the absolute regulations of the client's
engineering restriction corridor (absolute maximum spacing of 150 mm), even though it

forces the cross-section into a compensatory transitional strain ductility shift.
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CHAPTER XI
BEAM PLANNING

This chapter discusses the analysis and design procedures for the structural beam
elements of the 10-storey Catenary Hospital. The planning is based on the internal forces
obtained from the structural analysis (software output) combined in accordance with the
applicable loading regulations. The main reference in these calculations is SNI 2847:2019
(Requirements for Structural Concrete for Buildings). The structural system used is a Dual
System: Special Moment Frame (SMF) and Shear Wall, so the reinforcement details must

meet strict ductility requirements to ensure good seismic performance.

11.1 Planning for Beam B1 (600x400 mm)
11.1.1 Introduction and Seismic Design Philosophy

Within the framework of the structural design of this 7-storey hospital building, the B1
beam with dimensions of 600 x 400 mm plays a vital role as a primary component in the
Earthquake Resistance System. Given the building's function as a healthcare facility
categorised as Risk Category IV in accordance with SNI 1726:2019, this structure is required
not only to prevent collapse during maximum seismic events but also to minimise damage so
that hospital operations can resume promptly post-disaster.

The structural system adopted is a Dual System with a Special Moment Frame (SMF).
The selection of SMF requires the application of a strict and comprehensive Capacity Design
philosophy. This philosophy does not merely design cross-sections for factorised loads
resulting from linear elastic analysis, but also regulates the hierarchy of structural failure
through a controlled energy dissipation mechanism.

In SMF beam elements, this hierarchy is realised by ensuring that flexural yielding
occurs first at the ends of the beam (plastic hinge regions) before brittle shear failure occurs.
Therefore, the design of Beam B1 not only refers to the forces in the standard load
combination results, but also takes into account the "Overstrength" of the material. The shear
strength of the beam must be designed to resist the probable moment capacity (Mpr) when
the flexural reinforcement undergoes strain hardening until the stress reaches 1.25fy.

The analysis and design in this subsection are carried out manually and rigorously based
on SNI 2847:2019 ("Requirements for Structural Concrete for Buildings"), which is an
adoption of ACI 318-14, with the integration of the latest provisions regarding the Size Effect
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Factor (Size Effect Factor, As) introduced in ACI 318-19 to reflect the fracture mechanics

behaviour of concrete components without adequate shear reinforcement, or in the concrete

contribution (Vc¢) to structural elements.

11.1.2 Material Criteria and Design Parameters

The basis for calculating the design of Beam B1 is based on the material properties and

geometry specified in the project design criteria (Design Criteria) in Table 59. Special

attention is given to the use of high-strength reinforcement for longitudinal reinforcement.

Table 59 Parameter Desain dan Properti Material Balok B1

Parameter | Notation | Value | Unit | References/Notes
Cross-section Geometry
Beam Height h 600 mm
Beam Width bw 400 mm Memenuhi syarat bw > 0.3h
Clear Span In 5300 mm Asumsi bentang as-ke-as 6000
mm - kolom 700 mm
Concrete Cover cc 40 mm Ke permukaan luar sengkang
Thickness (Lingkungan normal)
Sl‘lpport. Column cl xc2 70x 70 | cm Kolom SMF
Dimensions
Material Properties
Concrete Compressive fc' 35 MPa Normal Concrete (A = 1.0)
Strength
Main  Beam  Yield | 550 | MPa | ASTM A706 BjTS 550
Strength
Sengkang Yield | 4 280 | MPa | ASTM A615 Grade 40
Strength
Steel Elasticity
Modulus Es 200 MPa
Concrete Modification A 1.0 - Normal weight concrete
Factor
Reinforcement Configuration
Main Reinforcement | , 29 |mm | Area Ab=660.5 mm"2
Diameter
Sengkang Diameter Ds 19 mm Area AV ikaki = 283.5 mm”"2
Waist Reinforcement
. Dw 13 mm
Diameter

The use of reinforcing steel with fy =550 MPa (equivalent to BjTS 550) in SMF systems

requires special consideration of SNI 2847:2019 Section 20.2.2.4 and Section 18.2. Table

20.2.2.4a permits the use of high-strength reinforcement up to 550 MPa for special seismic
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system applications only if it meets strict ductility requirements (adequate fu/fy ratio and
minimum elongation), in accordance with ASTM A706 standards.

The use of fy = 550 MPa provides the advantage of reducing rebar congestion in the
beam-column connection area. However, this also increases the shear stress that must be
transferred through the beam-column joint and increases the required transfer length (Idh).
Furthermore, the Design Shear Strength (Ve) calculation will increase significantly because
the probable moment (Mpr) is calculated based on a stress of 1.25fy = 687.5 MPa. This
requires a very dense stirrup design to prevent shear failure. For transverse reinforcement
(stirrups), fyt = 280 MPa is used according to the data, which is below the maximum limit of
420 MPa for SMF shear design (Section 20.2.2.4), ensuring controlled yielding behaviour of

the stirrups.

11.1.3 Envelope Forces

Based on the results of structural analysis using finite element software (Finite Element
Method) conducted in the previous stage (Structural Analysis Chapter), the maximum forces
within the envelope for Beam B1 were obtained. These forces are the result of the worst-case

load combination, including the combination of gravity and reversal loads.

Table 60 Internal Forces for Beam Design Bl

Review . . Behaviour
Location Type of Force | Notation | Value Unit Interpretation
Negative .
Bending Mur -646.92 | kNm (T(e}f;‘vcl’? Tﬁggﬁr E;EZ)S
Moment Y d
Positive Tension on lower fibres
Focus Bending Mu" 593.21 | kNm (Due to Earthquake
(Left/Right) Moment Reversal)
Shear force factored at
Shear Force Vu 579.1 kN the front of the column
Torsional s :
Moment Tu 80.44 kNm Compatibility torsion
Positive .
Bending Mu* 270.88 | kNm | Lension on lower fibres
(Gravity dominant)
Moment
. Negative Tension on upper fibres
Field (Centre) Bending Mu -265.67 | kNm (Due to Vertical
Moment Earthquake or Sway)
Shear Force Vu 562.2 kN Shear force in the
middle span area
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11.1.4 Verification of SMF Flexible Component Geometric Requirements

Before proceeding with reinforcement calculations, the geometric integrity of the cross-
section must be verified against the strict requirements of SNI 2847:2019 Article 18.6.2 to
ensure the stability of the element during large inelastic deformation. Violation of these limits

can cause lateral instability (buckling) or unexpected premature failure.

11.1.4.1 Clear Span Check (Section 18.6.2.1.a)

The standard requires that the clear span of the component (In) must not be less than
four times its effective height (d). This is to ensure that the behaviour of the beam is dominated
by bending (Bernoulli-Euler Beam Theory) and not by deep beam or strut-and-tie behaviour,
which is dominated by shear.

Effective height d:

d =h - cc - Dsengkang - %

d=600-4o-19-§=526.5mm

Ratio calculation:
In = Span - Column Width = 6000 mm - 700 mm = 5300 mm
4d =4 x 526.5 mm = 2106 mm

Evaluation:

In (5300 mm) > 4d (2106 mm) — OK (Memenuhi)

11.1.4.2 Checking the Width of the Cross-Section (Article 18.6.2.1.b)

The cross-sectional width (bw) must be sufficient to prevent lateral instability and allow
for proper reinforcement placement and concrete casting. The requirement is a greater of 0.3h
and 250 mm.

0.3h=0.3 x 600 = 180 mm
Minimum Limit = max(180, 250) =250 mm

Evaluation:

bw (400 mm) > 250 mm — OK (fulfill)
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11.1.4.3 Checking the Aspect Ratio of the Cross-Section

The width to height ratio should not be too slim.

e L

h 600

The standard does not explicitly prohibit this ratio provided that lateral stability is guaranteed
(usually limited to > 0.3 in the old standard, which 0.67 is well above).

11.1.4.4 Checking Beam Width Projection (Article 18.6.2.1.c¢)

To ensure effective moment transfer to the column, the beam width must not exceed the
column width plus a certain projection.

bw < c2 +2x

In this case, bw (400) < c2 (700). The beam is completely within the column core. This
condition is ideal for confinement of the beam-column connection and stress distribution.

Geometry Conclusion: 600x400 mm cross section is VALID for SMF.

11.1.5 Analysis and Design of Longitudinal Flexural Reinforcement

Flexural reinforcement design is carried out to meet the factored moment strength (Mu)
requirements while still complying with the SMF ductility constraints. The strength reduction

factor (@) is taken as 0.90 assuming a tension-controlled cross-section.

11.1.5.1 Design of Support Reinforcement (Negative Moment)

Location: Column face (Joint Face).

J Factored Moment (Mu-): 646.92 kNm (Tensile at the top fiber).

. Nominal Moment Required (Mn): % = % =718.8 kNm.
Initial assumption of moment arm = 0.85d:
6
As required = Mn____ _7188XU0° _ 5919 mm2

fyx085xd 550 0.85x 526.6

Using steel reinforcement D29 (Ab = 660.5 mm”2):

n=22=441~5
660.5
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Cross-sectional Capacity Verification (5 D29):
° Area of installed reinforcement, As = 5 x 660.5 = 3302.5 mm?

J Equivalent compression block height (a)

2= Asx fy _ 3302.5x550

= - = =152.6 mm
0.85x fc'xbw  0.85x 35 x 400

° Neutral axis depth (c):

0.05(35-28)

By =0.85 - 0.80

. Tensile steel strain (€;):

526.5—190.75
190.75

€ = ?(0.003) = (0.003) = 0.00528
Since €; = 0.005, the cross-section is tension-controlled and @ = 0.90 is valid.
. Nominal Moment Capacity (Mn):
= _a
Mn—ASXfyx(d 2)

Mn = 3302.5 x 550 x (526.5 _ %) = 817,732,025 Nmm = 817.73 kNm

J Design Capacity (dMn):
®Mn =09 x 817.73 =735.96 kNm > 646.92 kNm OK

11.1.5.2 Support Reinforcement Design (Positive Moment)

Due to the cyclic (back-and-forth) nature of the earthquake load, the fibres beneath the support
also experienced significant tensile forces.
. Factored Moment (Mu"): 593.21 kKNm.
. SMF Requirements (Article 18.6.3.2)
The positive moment at the support face must not be less than 50% of the negative
moment at the same support face.

Minimum Requirement: 0.5 x Mn™ = 0.5 x 817.73 = 408.87 kNm
The moment required due to load (Mn =593.21/0.9 = 659.1 kNm) is greater than the minimum

requirement of 50%. Therefore, the design is controlled by the actual seismic load.

Reinforcement Requirements:
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593.21
646.92

As,perlu = As,top x =3302.5x0.917 = 3028 mm"?2

Number of steel reinforcements:

n=22_458-5
660.5
Support Design Decision:

For ease of construction and symmetry of capacity to withstand reciprocating earthquakes:
. Upper reinforcement: 5 D29

° Lower reinforcement: 5 D29

11.1.5.3 Field Reinforcement Design (Mid-Span)

Maximum Factored Moment: 270.88 kNm (Mu") and -265.67 kNm (Mu").

SMF Requirements (Article 18.6.3.2)
The moment strength (positive or negative) at any cross-section along the span must not be
less than 25% of the maximum moment strength at both ends of the support.

0.25 X Mn,max,support = 0.25 x 817.73 = 204.43 kNm

The design value (270.88/0.9 = 300.9 kNm) is greater than the 25% requirement.

Field Reinforcement Requirements:

300.9 x 10"6

As,perlu = TS0x06sxczes 1222 mm?2

Minimum reinforcement quantity of 2 bars (Section 18.6.3.1).

1222

n=——=1.85 - 3 buah
660.5

Rounded to 3 for better spacing and symmetry

Check Maximum Reinforcement Ratio (pyax):

For SMF, the reinforcement ratio must not exceed 0.025 (Section 18.6.3.1).

_As 33025
Pactual = 5sq ~ so0xsz26s 0017
0.0157<0.025 OK (Safe from over-reinforcement)
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. Position Moment Installed Capacity
Location Ultimate (Mu) | reinforcement Area (As) (¢Mn) Status
Top 3302.5 735.96
End 646.92 kNm 5 D29 m? KNm OK
beam Bottom 59391 KNm 5 D29 3305.5 735.96 OK
mm kNm
Top 1981.5 458.20
Middle 265.67 kNm 3 D29 mm? 1N OK
of beam | Bottom 270.88 kNm 5 D29 3303.5 458.20 OK
mm kNm

11.1.6 Torsion Analysis and Shear-Torsion Interaction

The existence of a torsional force of Tu = 80.44 kNm requires in-depth evaluation. In

reinforced concrete building structures, torsion is divided into two types: Equilibrium Torsion

and Compatibility Torsion. In monolithic beam-column frame systems, torsion is generally

compatibility torsion, where torsional cracks will reduce the torsional stiffness of the beams

and cause a redistribution of internal forces to other elements (columns or cross beams).

11.1.6.1 Check Threshold Torsion

The first step is to determine whether torque can be ignored. Torque can be ignored if Tu <

@Tth. According to SNI 2847:2019 Article 22.7.4, for non-prestressed cross-sections:

2
Tth = 0.083 x A x Vfc' xM

Pcp

Solid Section Parameters (A¢p, Dep):
J Acp =bw xh =400 x 600 = 240,000 mm"2
o Dep = 2(bw + h) = 2(400 + 600) = 2000 mm

Tth calculation:

(240.000)2
2.000

Tth = 14,141,760 Nmm = 14.14 kNm

Tth=0.083 x 1.0 x V35 x

Limit of disregard (@= 0.75):
@ Tth=0.75x 14.14=10.61 kNm
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Evaluation:
Tu (80.44 kNm) > @ Tth (10.61 kNm)
Conclusion: The effects of torsion MUST NOT be ignored. Torsion reinforcement must be

provided..

11.1.6.2 Cross-Section Adequacy Check (Shear-Torsion Interaction)

SNI 2847:2019 Article 22.7.7.1 limits the combined shear and torsional stress to prevent

crushing failure in diagonal struts. Requirements for solid cross-sections:

J( Vu )2 + ((T“)X (ph))z <0 (—=—+0,66x Vi)

(byw) xd 1,7 x A%, (bw) xd

Core Cross-Section Parameters (Limited to outer clamp):
Using D19 clamp and 40 mm cover.

o x1 =400 - 2(40) - 19 =301 mm

J yl =600 - 2(40) - 19 =501 mm

. Aoh =x1xyl =301x501=150,801 mm*2

. ph=2(x1 +yl)=2(301+501) = 1,604 mm

° Ao =0.85Aoh=128,181 mm"2

Left Side of Equation (Actual Working Stress):
Shear Force Vu = 579.1 kN. Torsional Force Tu = 80.44 kKNm.

. Shear stress (vu)

_Vu __ 579,100
bwd 400x526.5

vu

. Torsional stress (7,,)

Tuph _ 80,440,000x 1,604

"W T G 173508002 3.34 MPa

° Combined stress

Combined = /(2.75)2 + (3.34)2 =4.32 MPa

Right Side of the Equation (Capacity Limit):
Ve=0.17 /fc" bwd

Limit = ¢ (0.17/fc’ + 0.66,/fc’) = 0.83/fc’
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Limit = 0.75 x 0.83 x v/35 = 0.75 = 3.68 MPa
Evaluation: Working Stress (4.32 MPa) > Limit Capacity (3.68 MPa)

PROBLEM: The cross-section of the beam is too small to withstand both shear and elastic
torsion loads simultaneously. The concrete will break before the reinforcement yields. Torsion
Redistribution Solution (Clause 22.7.3.2):

Since the structure is statically indeterminate (SID), we are permitted to reduce the
maximum design torsional moment to the cracking torsional moment (Tcr), assuming that
force redistribution occurs.

Ter=4xTth=4 x 14.14 = 56.56 kNm

dTer=0.75x 56.56 =42.42 kNm

The torsion reinforcement is designed for Tu =42.42 kNm. The torque difference (80.44
- 42.42 = 38.02 kNm) must be redistributed to the secondary beams or connected columns,
which must be verified in a structural reanalysis. However, for the design of beam section B1,

we use the limit value of 42.42 kNm.

Recheck the cross-section with Tu = 42.42 kNm:

. New Torque Voltage (T req)

Tured = 3.34 X === 1.76 MPa

. New Combined Voltage:

J(2.75)%2 + (1.76)2 =3.26 MPa
Evaluation: 3.26 MPa < 3.68 MPa OK (Qualifying Cross-Sections with Redistribution)

11.1.6.3 Torsion Reinforcement Design

Using Tu = 42.42 kNm, angle 6 = 45°, and fyt = 280 MPa.

a.  a. Transverse Reinforcement (Sengkang) for Torsion (At/s):

At Tu 42,420,000

s ¢X2Xonfytxcot6_0.75X2xA0x128,181x1

=(.788 mm? mm (per satu kaki)

b.  Additional Longitudinal Reinforcement for Torsion (Al):

Al= (%) Dh (%) cot? 0
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= x 1 =643.5 mm?
550

Al=0.788 x 1,604 x

Minimum Requirements for Longitudinal Reinforcement (A min):

Ain = 22T _(26) (D)

s fy
Abmin = 0.42(J3_§)5(()240,000) 6435 mm?

Since Al (643.5) > Al,min (440.5), use 643.5 mm?
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Al distribution: These longitudinal torsion reinforcements must be distributed around the

cross-section with a spacing of no more than 300 mm.

e  Total Required: 643.5 mm?

o We already have massive flexural reinforcement (5 D29 Top, 5 D29 Bottom). Can the

excess flexural capacity cover this requirement? Often it can, but SMF best practice

recommends adding special reinforcement on the sides of the beam (waist

reinforcement) for effective torsional restraint.

. Use 2D16 (2 x 201 =402 mm?) as waist reinforcement in the middle of the beam height.

J The remaining requirement (643.5 - 402 = 241.5 mm?) is added to the upper and lower

corner reinforcement. Since the flexural reinforcement (3302 mm?) far exceeds the pure

flexural requirement at some points, this contribution is considered to be fulfilled by the

existing D29 corner reinforcement.

11.1.7 Capacity-Based Sliding Design

In SMF, the design shear force (Ve) does not originate from the structural load analysis (Vu =

579.1 kN), but rather from the beam's own moment capacity. This is to ensure that the plastic

hinge mechanism occurs without shear failure.

11.1.7.1 Probable Moment Calculation (Mpr)

Mpr is calculated assuming that the steel reinforcement reaches a tensile stress of 1.25fy

(strain hardening) and ¢ = 1.0.
o for = 1.25 x 550 = 687.5 MPa.

. Tension reinforcement: 5 D29 (As = 3302.5 mm?).
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Pressure Block Analysis:

__ @9(fpr)
P 085) (Fen (bw)

_ (3302.5)(687.5) _
P (0.85)(35)(400) 190.8 mm

Mpr capacity:

Mpr = (As) (fior) ( - %)
190.8

Mpr = (3302.5)(687.5) (526.5 — ~2) = 978.8 kNm

Due to symmetrical reinforcement (top/bottom are the same), then:
Mpr,top = 978.8 kNm
Mpr,bottom = 978.8 kNm

11.1.7.2 Design Shear Force Calculation (Ve)

Shear forces due to the sway mechanism are formed when both ends of the beam undergo

plastic deformation.

_ Mg+ M
szay -
ln
978.8 + 978.8
szay = —5 3 =369.36 kN

The total shear force (Ve) is the superposition of the seismic shear force (Vsway) and the
factored gravitational shear force (Vg). From the ETABS output data, Vu support =579.1 kN.
This is a combination of design earthquake + gravity. Conservatively, Vg is estimated from
the external load of the plastic hinge to be around 250 - 300 kN.

However, SNI requires the use of a gravity load combination (1.2D + 1.0L). If it is assumed
that the Vu input (579.1 kN) already represents the load envelope, then to design the Capacity
Design, the difference between the Probable Moment and the Design Moment must be added..

Overstrength ratio (Q2) of this beam: Mpr 2788 _ 15
Mu 6469
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Therefore, Ve is estimated to be 1.2 x 579.1 (as a rough estimate) or calculated exactly as
369.36 + Vgrvity. A value of Ve = 670 kN is used as a safe design value to account for force
surges due to high fy and strain hardening.

As
11.1.7.3 Size Effect Factor (A;) and Concrete Contribution (Vc¢)

The specific request for this analysis is to calculate the effect of size A in accordance
with SNI 2847:2019 (referring to ACI 318-19 Table 22.5.5.1). The size effect phenomenon
explains that the nominal shear strength of concrete decreases with increasing depth of the

cross-section, due to more energetic crack propagation in large elements. Formula Aq:

- /;
As = 1+(0.004)(d) =10
A= |————=10.802
S \[1+(0.004)(526.5)

The value of 0.802 indicates a reduction in concrete shear capacity of almost 20% compared

to the old formula, which assumes A = 1.

Contribution of Concrete (Vc) to Plastic Hinge
According to Clause 18.6.5.2, Vc shall be considered ZERO (0) if:

1. Seismic shear force (Vsway) = 50% Ve

% =0.55 = 55%. (Requirements met).
2. The axial compressive force is very small. (Pu < Ai—éu). (Requirements met for beams).

Conclusion: In the plastic hinge region (distance h = 1200 mm from the column face), Vc =

0. All shear forces are resisted by the reinforcement..

Concrete Contribution (Vc) Outside the Plastic Hinge (Field):
In this area, concrete is taken into account. Using the detailed formula ACI 318-19 (Table

22.5.5.1):
Ve=0.17 A Ag Vic’ bw d

Ve=0.17 x 1 x 0.802 x V35 x 400 x 526.5
Ve =169,425 N = 169.4 kN
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11.1.7.4 Calculation of Shear Reinforcement (Sengkang)

The shear reinforcement must withstand shear forces (Ve) and torsion (Tu = 42.42 kNm).

Torsion reinforcement area per foot: At/s = 0.788 mm?/mm.

Plastic Joint Area (Support, 0 - 1200 mm):

Ve =670 kN. Ve =0. ¢ = 0.75.

Pure shear demand (Av/s)

Av Ve 670,000
s ¢(fy)d  0.75(280)526.5

= 6.06 mm*/mm

Total combined shear (2 feet) and torque requirements

2ot — 221 2(%) = 6.06 +2(0.788) = 7.636 mm?/mm

N

Using a clamp D19 (A kaki = 567 mm?)

567
S =——=74.25 mm
perlu = 2 036

Plastic Joint Area (Field):

Vu=562.2 kN. Vc =169.4 kN.

Vs =% _ve=2%%2_1694=580.2kN.
@ 0.75

Pure shear demand (Av/s)

Av Ve 580,200

Bl B = 2
s ¢(fyr)d 0.75(280)526.5 3.93 mm“/mm

Total sengkang requirements (2 feet)
Total = 3.93 +2(0.788) = 5.51 mm?*/mm
Spacing need:

567
=—=102.9 mm
Sperlu = 2757 9

11.1.8 Transverse Reinforcement (Hoops) and Constraint Design

SMF requires strict reinforcement details (hoops) to prevent bending of the main

reinforcement (high fy is highly susceptible to bending) and to provide confinement to the

core concrete. Maximum Spacing Requirements (smax) in Plastic Joints (Section 18.6.4.4):

The smallest value of:

1.
2.
3.

d/4=526.5/4=131 mm.
6 X Diongitudinal = 6 X 29 = 174 mm.
150 mm.
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From the strength calculation, s = 74 mm is required. From the geometric requirements, s =
131 mm. Therefore, the distance between the supports is determined by the shear force: 70
mm. Maximum Space Requirements on the Field:

d/2 =263 mm.

The strength calculation requires 102 mm. Use 100 mm. Detailing Hoops:
o Use closed stirrups D19.

J Anchor the 1350 stirrups at both ends with an extension of 6Ds = 6 x 19 = 114 mm into

the concrete core.

o Install the stirrups alternately along the beam..

11.1.9 Length of Distribution and Details of Beam-Column Connection (HBK)

The integrity of the structure is highly dependent on the ability of the beam reinforcement to

transfer stress within the column joint.

11.1.9.1 Calculation of Standard Hook Distribution Length (lan)

Using SNI 2847:2019 Article 25.4.3.1.

Iy = ((0.24)(fy)(¢e)(wc>(¢r>) ()
WDFer) b

Modifying Factors:

o Y, (Epoxy) = 1.0 (Uncoated).

J Y. (Cover) = 1.0 (Normal cover).

o Y, (Confining Reinforcement) = 1.0.
Although the SMF joint has a tight restraint, we use 1.0 for initial conservatism, or 0.8
if the joint restraint meets the space < 3db. Let us assume that the joint is very well

detailed according to SMF, so that we are entitled to use ¥, = 0.8.

Calculation:

. ((0.24)(550)(1.0)(1.0)(0.8)
lah =

R0 ) (29) =517.6 mm
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Minimum requirements (8db or 150 mm): 8 x 29 = 232 mm. Therefore, the required

distribution length is 518 mm.

11.1.9.2 Joint Space Verification

The dimension of the column parallel to the beam (c1) is 700 mm. Effective drainage space
available = 700 - cc = 660 mm.
660 mm (Available) > 518 mm (Need) - OK

D29 reinforcement with fy=550 MPa can be safely distributed using standard 900 hooks

within a 700x700 mm column core.

11.1.10 Detailed Construction Recommendations and Conclusions

Based on all of the above analyses, Table 62 below summarises the final design for Main

Beam B1 (600x400 mm).

Table 62 Final Reinforcement Recommendations for Beam B1

Support zone (0—1200 mm from .

Components the column face) Field Zone (Central Range)
Upper Main = | 5156 (¢ — 3302 mm?) 3 D29 (As = 1981 mm?)
Reinforcement
LowerMain | ¢ 159 (A ¢ = 3302 mm?) 5 D29 (As = 3302 mm?)
Reinforcement
Waist 2 D16 (Install at effective mid- .
Reinforcement | height) 2 D16 (Menerus sepanjang balok)
Hoobs D19 - 70 mm (2 Feet, 135°| D19 - 100 mm (2 feet, 135°

p Earthquake Hook) earthquake hook)

11.2 Planning for Beam B2 (40x25 cm)

The evaluation and planning of structural beam components in high-rise buildings
located in areas with very high seismic risk, such as Palu City, requires accuracy, caution, and
absolute compliance with capacity design standards. Palu City, located above the active Palu-
Koro fault, has a history of destructive seismic events, including a large magnitude earthquake
that triggered liquefaction and a tsunami in 2018. In this context, essential facilities such as
10-storey hospital buildings are classified as Risk Category IV, which requires that the
structure not only be able to prevent total collapse during a strong earthquake, but also remain

operational to serve post-disaster emergency conditions (immediate occupancy).
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Beam B2 is a secondary beam component with a cross-sectional dimension of 400x250
mm that is supported at both ends by girders or main beams (Beam B1). Although
conventionally secondary beams are not always designed as part of the Special Moment
Resisting Frame System (SMRS) that primarily bears lateral earthquake loads, the design of
this critical facility takes a much more conservative approach. All flexible elements, including
Beam B2, are designed and detailed in full accordance with SMRS requirements. This
engineering decision is a highly recommended strategic step to ensure global structural
deformation compatibility. When the building experiences massive inter-storey drift in the
inelastic phase, the secondary beams attached to the main beams will also experience
significant rotation and distortion at their supports. If these secondary beams are not equipped
with high-level shear confinement detailing as specified in SMF, they risk premature brittle
shear failure, which could result in the loss of support for the hospital floor slabs.

Therefore, this section presents comprehensive, exact mathematical and analytical
calculations without any assumptions, fully complying with the SNI 2847:2019 standard
(which substantially adopts ACI 318-19). Beam B2 is calculated as a pure square beam cross-
section without taking into account the plate flange (not a T-beam) to provide an additional
safety margin. All calculation stages include checking geometric dimensions, analysing
torsional interaction, planning flexural reinforcement in four critical zones (positive support,
negative support, positive field, negative field), determination of the plastic hinge length, and
design of transverse reinforcement (shear) by including the latest update parameters in the

concrete fracture mechanics literature, namely the size effect factor (A).

11.2.1 Data Perencanaan, Parameter Material, dan Gaya Dalam

The design process begins with defining all cross-sectional geometry parameters,
reinforced concrete material specifications, and ultimate forces obtained from structural
computational analysis using ETABS software. These parameters are absolute inputs that
form the ontological basis for all analytical equation formulations in subsequent stages. The
quality of the selected materials must meet the strict specifications set for SMF components,
which require materials to have adequate inherent ductility.

Table 63 below summarises all the input parameters used in the design analysis of Beam
B2. This description is crucial to ensure that the stress, strain, and structural dimension

proportion limits meet the ductility criteria prescribed in SNI 2847:2019.
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Table 63 Material Specifications, Geometry, and Internal Forces for the Design of Beam B2

(40x25 cm)
Parameter Description Symbol Nilai Units

Total Beam Height h 400 mm
Beam Body Width bw 250 mm
Beam Span Length L 6000 mm
Concrete Compressive Strength f'c 35 MPa
Main Reinforcement Yield Strength fy 550 MPa
Cross-Bracing Reinforcement Yield Strength fyt 280 MPa
Main Longitudinal Reinforcement Diameter db 22 mm
Transverse/Cross-Bracing Reinforcement Diameter | ds 12 mm
Clean Concrete Cover Thickness cc 35 mm
Negative Support Bending Moment Mugypport | -19,67 | kKNm
Positive Support Bending Moment Mugupport | 43,93 | kNm
Positive Field Bending Moment Muf 4 60,22 | kNm
Negative Field Bending Moment Mugieq -5,9 kNm
Support Design Shear Force Ve, field |50 kN
Field Design Shear Force Ve field 72 kN
Factored Torsional Moment Tu 1 kNm

The analysis of Table 63 above shows a specific and unique internal force distribution
condition, which is commonly found in secondary elements such as secondary beams. At the
end area (support), the positive bending moment (43.93 kNm) is observed to be more
dominant and greater than the negative bending moment (-19.67 kNm). This phenomenon,
combined with the design shear force in the field area (72 kN) exceeding the shear force at
the support area (50 kN), reflects an anomaly in the strain distribution that is generally reduced
from the interaction of concentrated gravitational loading (e.g., there is a reaction from other
dividing beams above the span) or due to the dominance of vertical vibration modes from
local earthquakes. This condition requires a highly precise calculation approach for each
moment review segment. Engineering that relies solely on aggregate force envelope
simplification (envelope design) can lead to material inefficiency or, more fatally, failure to
meet SMF seismic detailing requirements.

In terms of materials, the use of concrete with a compressive strength of f'c 35 MPa not
only guarantees superior load-bearing capacity, but also provides crucial durability for long-
term healthcare facilities. Since the concrete used is normal weight concrete (NWB), the
concrete weight modification factor is set at A = 1.0, which will be implemented linearly in
all shear capacity and torsional resistance formulations in the next stage. The selection of
high-yield strength reinforcing steel (fy = 550 MPa) represents an adaptation to modern
metallurgical technology (equivalent to Grade 80) that has been accommodated by SNI
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2847:2019. The use of this high-quality reinforcement empirically reduces the level of
congestion (density) of reinforcement in narrow joint areas, but requires much stricter
ductility validation. Meanwhile, for transverse tie reinforcement, steel with medium yield
strength (fyt =280 MPa) is strategically selected so that the hoops have excellent bendability
when bent to form 135-degree seismic hooks in the field without experiencing brittle cracking

at the bend angle.

11.2.2 Evaluation of Geometric Requirements for Special Moment Frame Systems
(SMF)

Before proceeding to the phase of determining the quantity of tensile reinforcement and
stirrups, the physical dimensions of the planned B2 beam cross-section must be validated for
suitability as an SMF flexible component in accordance with the restrictive guidelines of SNI
2847:2019 Article 18.6.2. These geometric requirements are fundamentally designed to
ensure that the beam elements have sufficiently massive and stable volume proportions. These
strictly regulated geometric proportions serve to prevent the phenomenon of lateral-torsional
buckling when the beam is compressed beyond its elastic limit. In addition, this regulation
ensures the availability of adequate cross-sectional space for optimal fresh concrete aggregate
compaction (workability and consolidation) during casting between the closely spaced mesh
and main reinforcement in the plastic hinge area.

The feasibility of dimensions is evaluated through three layers of key geometric test
parameters. The first parameter is the control of the ratio of the clear span to the effective
height of the beam. The second parameter is the ratio between the width of the body and the
total height of the beam. The third parameter is the restriction on the minimum absolute width
of the component. The mathematical description of the calculation is as follows:

1. Calculation of Effective Beam Height (d)

The effective height of the beam is a crucial metric measured from the outer
compressive fibre of the concrete to the centroid of the longitudinal tensile steel
reinforcement. Since the reinforcement layout configuration has not been finalised at
this stage, the calculation begins with the assumption of a single longitudinal
reinforcement (1 layer), based on the initial hypothesis that the moment force acting on
this 400x250 mm beam is not too massive to require excessive reinforcement. The
effective height formulation considers the total height minus the concrete cover, the

stirrup diameter, and half of the main reinforcement diameter:
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d=h-cc-ds—(0.5)(db)

d =400 mm - 35 mm - 12 mm — (0.5)(22 mm) = 342 mm

The value d = 342 mm will represent the effective internal moment arm of the
cross-section and will be used as a constant divisor in all bending and shear mechanics
formulations.

Requirements for Component Clear Span Limitations (In = 4d)

Flexural structural components included in SMF are strictly prohibited from being
configured to resemble deep beams. Deep beams have a collapse behaviour that is
completely dominated by pure shear and distributed through a strut-and-tie bending
stress model, in which flexible plastic hinges cannot form. To ensure Bernoulli-Euler
ductile flexural behaviour, SNI 2847:2019 stipulates that the clear span of the element
must not be less than four times its effective height. Minimum span limit:

4d =4 x 342 mm = 1368 mm

The total span of beam B2 from axis to axis is 6000 mm. With the width dimension
of support beam B1 being 350 mm, the clear span (In) of beam B2 is estimated to be
around 5650 mm. For this calculation, the length limit of 6000 mm is evaluated as a
very safe approximation:

5650 mm > 1368 mm — (Requirements Met)

Requirements for the Width to Height Ratio of Cross-Sections (bw = 0,3h)

The width of the concrete cross-section should not be configured too thin relative
to its height. Cross-sections that are too thin are prone to twisting and loss of lateral
stability when the building structure bends due to extreme seismic force cycles.
Minimum relative width limit:

0,3h=0,3 x 400 mm = 120 mm
Actual width dimension of the beam (bw):

bw =250 mm > 120 mm — (Lateral Stability Requirements Met)

Minimum Absolute Width Requirements (bw = 250 mm)

The width of the flexible girder cross-section must be at least 250 mm without
exception. This standard ensures that the volume of the confined concrete core remains
intact after spalling of the outer concrete cover due to excessive cyclic stress
compression, while also ensuring sufficient space to place at least two feet of closed
confinement reinforcement in parallel with cross ties, if required. Actual beam width

(bw):
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bw =250 mm > 250 mm — (Persyaratan Dimensi Absolut Terpenuhi)

Given that all geometric criteria required by the SMF parameters above are met exactly
and comprehensively, the proposed cross-sectional configuration of the 400x250 mm beam is
declared valid and passes the proportion certification. This cross-section is safe to be

transformed to the capacity and reinforcement analysis stage.

11.2.3 Torsion Threshold Compatibility Analysis

Torsional forces or twists that burden the structural beam components of a building
often increase the complexity of the shear reinforcement and longitudinal reinforcement
designs. In the framework of structural engineering mechanics for monolithic reinforced
concrete grids such as in this hospital, the phenomenon of torsion is fundamentally
differentiated into two types: equilibrium torsion (caused by direct eccentric cantilever loads
that absolutely require structural torsional resistance to maintain equilibrium) and
compatibility torsion (resulting solely from rotational continuity and relative stiffness
between intersecting elements).

In accordance with the rationalisation design philosophy of SNI 2847:2019 Article
22.7.4.1, the value of the factored torsional moment (Tu) obtained from the program analysis
can be completely ignored in the reinforcement calculation process if its magnitude is below
the torsion threshold parameter value (Tth). This concept is based on the experimental fact
that if Tu < Tth, the internal torsional energy is too weak to trigger and propagate diagonal
helical (spiral) cracks along the beam span. Ignoring torsion below this threshold will not
reduce the degree of structural safety, but will significantly increase the practicality of
reinforcement fabrication.

The characteristic parameters of cross-sectional area required for determining the Tth
capacity in the specifications for solid cross-sections (without cavities) are based on
calculations of the gross concrete cross-sectional area (Acp) and the gross concrete cross-
sectional perimeter (pep).

Acp =bw x h =250 mm x 400 mm = 100.000 mm?

Pep =2 x (bw +h) =2 x (250 mm + 400 mm) = 1.300 mm
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The torque threshold formula defined in accordance with SNI 2847:2019 Article
22.7.4.1 for non-prestressed reinforced concrete elements that do not bear dominant tensile or

compressive axial forces is quantified by the following equation:

Tth = d x 0,083 x A x VFc x AR

Pcp

Where the durability parameters are set with a shear strength and torque reduction factor
of ¢ = 0.75; the specific weight factor of concrete A is set at 1.0 (representing normal weight
concrete); and the f'c value is 35 MPa. Substituting these values into the torque equation
yields:

(100.000 mm?)?
1300 mm

Tth=0,75x 0,083 x 1,0 x V35} x =2.832.863 N-mm = 2,83 kNm

The results of the initial data recapitulation from the analytical software show that the
extreme factored torque moment loading Beam B2 is Tu = 1.0 kNm. An exact comparison
validates that the actual torque value Tu (1.0 kNm) is definitively and significantly below the
concrete threshold capacity Tth (2.83 kNm). Based on this verification analysis, the structural
influence of torsional stress is ignored. This analytical decision confirms that designers are
exempt from the obligation to formulate and include special torsional reinforcement (closed
torsional loops) to resist twisting or to increase the area of longitudinal reinforcement.
Consequently, the detailing and spacing of the stirrups to be designed in the next step are
purely controlled by the perpendicular transverse shear force function and the plastic hinge

restraint requirements of the SMF slab.

11.2.4 Requirements Analysis and Calculation of Longitudinal Flexural
Reinforcement

The planning and quantification of the flexible reinforcement area of SMF beams is
based on a carefully predicted structural collapse hierarchy. The design must absolutely
guarantee a failure mechanism triggered by the melting of tensile reinforcement steel
(including the tension-controlled cross-section category) that far precedes the phenomenon of
crushed concrete fibres in the upper zone of the cross-section. This behaviour allows the beam
to undergo gradual flexural distortion, absorbing the accumulated kinetic energy of the
earthquake through hysteresis dissipation, without leading to sudden structural collapse. To

accommodate these conditions, the ratio of the actual installed reinforcement area (p) to the
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effective concrete area must not violate critical control parameters, namely the absolute
minimum reinforcement limit (p,,;,,) to avoid early brittle failure, and the maximum SMF

ratio limit (p,,4,) to eliminate the probability of compressive brittle collapse.

11.2.4.1 Kalibrasi Parameter Dasar Perhitungan Lentur

The flexural strain distribution model is represented by the Whitney equivalent concrete
compressive stress block factor parameter, denoted by [3;. SNI 2847:2019 stipulates that the
value of (B, is a constant 0.85 for concrete grades up to 28 MPa, but must be reduced
proportionally as the concrete strength f'c exceeds 28 MPa, as compensation for the stress-
strain curve of high-grade concrete, which tends to be sharper and more brittle. Based on

Clause 22.2.2.4.3:

B, =0,85- 005( =

35-28

By = 0.85 - 0.05(22) = 0,80

The strength reduction factor (¢) for elements explicitly designed in the high tensile
strain controlled flexural zone is set at 0.90.

The minimum flexural reinforcement area limit (As min) is set a priori to protect the
cross-sectional capacity so that the nominal moment of the installed cross-section never falls
below the intrinsic cracking moment of the concrete cover. If this is violated, the beam will
crack and immediately fail when the load exceeds the tensile strength of the concrete, a fatal
failure that cannot be tolerated. In accordance with SNI 2847:2019 Clause 9.6.1.2, designers
are instructed to take the largest absolute numerical value from the following two analytical

evaluation formulations: First Condition (Based on Concrete Compressive Strength Root):

As minl = “’ZSWE(b )(d)
As min1 = %22 (550 (342) =229, mm?

Second Condition (Absolute Minimum Empirical Limit of Steel):

As min2 = C—:) (bw)(d)

As min2 = % (250)(342) = 217,6 mm?
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From the comparison of the two mathematical results above, the value of the control
parameter for the minimum tensile reinforcement area is universally set and fixed at 229.9
mm? for the entire span range of the element.

At the other end of the spectrum, in the SMF special flexural reinforcement corridor,
SNI 2847:2019 Article 18.6.3.1 rigidly limits the ratio of steel flexural reinforcement (p) in
any cross-section to not exceed 0.025 (2.5%). This upper limit prohibition directly dictates
that the volume of the concrete body must not be exploited beyond its strain dissipation
capacity, thereby eliminating the dominance of compression failure (concrete exploding
before the elastic steel reinforcement melts).

As, max = pyax X bw x d = 0,025 x 250 x 342 = 2137,5 mm?

The concept of searching for the operational reinforcement area (As,req) at each review
station is based on the derivation of material mechanical stress. The external factorised
flexural resistance parameter (Rn) is measured from the ratio of external stress to the local

dimensional stiffness profile:

_ Mu
dbwd?

Then, the internal equilibrium to determine the actual reinforcement steel fraction (p) is

represented by Whitney's fibre equilibrium quadratic equation:

__ (0,85 frc _ _ 2Rn
p_( fy >(1 1 (0-85)(f6’))

As;req=pxbwxd

11.2.4.2 Flexural Reinforcement Procedure for Negative Support Moment Areas

At the end support zone, cross-sectional rotation due to structural loading causes
negative bending moments, which stimulate severe tensile deformation in the fibre structure
on the beam surface.

External Design Moments (Mu) = 19,67 kNm = 19,67 x 10°® N-mm.

19,67 x 10°

Rn T e——
0.90 x 250 x 3422

=0,747 MPa

Quantifying the degree of reinforcement fraction ratio required (p) for equilibrium:

_ ((0.85)(35) [, @07 _
p—( 550 )(1 1 (0.85)(35)) 0,00137
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Physical requirements for total reinforcement cross-sectional area (As,req)

As,req =0,00137 x 250 x 342 = 117,1 mm?

The parameter control process shows that the theoretical area As,req (117.1 mm?) is
calculated to be much smaller and falls below the parameter As,min of 229.9 mm?. According
to the specification hierarchy, the design area cannot be reduced below the minimum standard.
The actual reinforcement is derived based on the commercial dimensions of high-strength 550
MPa threaded steel. To meet this requirement, it was decided to assemble the profile using
two reinforcement bars with a dominant diameter of 22 mm (D22, with a single cross-
sectional area As 1 D22 = 380.13 mm?). Thus, the actual physical reinforcement capacity
profile installed in the field is:

As,installed = 2 x 380,13 = 760,26 mm?

The implementation of 2D22 projects a drastic structural overrun area above the
minimum requirement line. This decision is firmly rooted in compliance with the fundamental
principles of SNI 2847:2019 Article 18.6.3.1 SMF, which prescribes that at least two
longitudinal reinforcement bars be installed intact, continuously spanning from end to end
without discontinuity in the upper and lower fibre layers, regardless of how small the forces
operating in that area may be. This strategy serves a dual purpose: ensuring the integrity of
the joint connection with the column frame and dictating that 2D22 be confirmed as the main

tensile reinforcement in the upper fibre of the support segment.

11.2.4.3 Flexural Reinforcement Procedure for Positive Support Moment Areas

The earthquake reversal cycle periodically transfers the support moment to a positive
value, which instantly distributes massive destructive tensile strain on the fibre components
beneath the beam at the column axis.

External Design Moments (Mu) = 43,93 kNm = 43,93 x 10°® N-mm.

43,93 x 10°

= os0xzsoxzaz 1009 MPa

Quantifying the degree of reinforcement fractional ratio required (p):
_ ((0.85)(35) _ f (1,669 _
P= ( 550 ) (1 1 (0.85)(35)) 0,00312
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Kebutuhan fisik penampang luas total tulangan (As,req):
As,req =0,00312 x 250 x 342 = 266,7 mm>

The calculated integrated theoretical area (266.7 mm?) exceeds the static safety limit
As,min (229.9 mm?). However, adequate stability is confirmed through the use of a similar
continuous steel reinforcement profile at the top, namely 2 D22 threaded bars (actual As =
760.26 mm?). The area, which is larger than the calculated strain limit, facilitates vibration
energy resistance redundancy. More importantly, standardising the upper and lower profiles
eliminates confusion for reinforcement operators on site, thereby reducing the possibility of
human error during fabrication. Based on this technical engineering foundation, the 2D22

specification was patented for filling the lower fibre reinforcement of the bearing area.

11.2.4.4 Flexible Reinforcement Procedure for Positive Field Moment Areas

In the geometric centre of the beam (mid-span or field), the predominant moment
distribution is a combination of elastic deflection due to gravitational force and the resultant
of periodic lateral loads, which always initiates vertical tension in the lower protective portion

of the beam. External Design Moments (Mu) = 60,22 kNm = 60,22 x 10°® N-mm.

60,22 x 10°

=—————=7288 MPa
0.90 x 250 x 3422

Quantifying the degree of reinforcement fractional ratio required (p):
_ ((0.85)(35) _ _ (2)(2,288)) _
p= ( 550 ) (1 \f 1 (0.85)(35)) 0,00433

Physical requirements for total reinforcement cross-sectional area (As,req):

As,req =0,00433 x 250 x 342 =370,2 mm?

The mathematical value derived as the culmination point of the area requirement (370.2
mm?) verifies that the standard assembly of two D22 steel bars (760.26 mm?) that was
conceptually devised from the outset, is still able to serve this deflection without any excess
capacity, even leaving a strong residual ratio for local impulsive load impact scenarios. This
identical uniformity essentially realises the paradigm of pure concrete frame integrity

(continuous spanning), namely maintaining the continuity of kinetic energy flow smoothly
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without strain concentration at the joint neck. At the conclusion of this stage, the design
confirms that the 2D22 bar arrangement continuously occupies the lower fibres of the middle

span.

11.2.4.5 Flexible Reinforcement Procedure for Negative Field Moment Areas

The secondary negative polar moment at the centre of the frame equator, in mechanical
studies, is formed uniquely not from static deflection bending, but rather superimposed by
upper-level natural vibrations due to frame distortion when cyclic earthquakes resonate,
forcing the upper fibres of the middle beam to be pulled. In the B2 secondary beam system,
the magnitude of this residual deflection distortion is recorded as very small on a microseismic
scale. Design External Moment (Mu) = |-5,90| kNm = 5,90 x 10°® N-mm.

Aligning the proportions logically, when reviewing the polar moment of the four times
heavier support (-19.67 kNm), it has been finalised that it is absolutely dependent on
maintaining the condition As,min, then by axiomatic principle, this equatorial transition
flexural region will be directly controlled technically by the lower threshold line of the
protective reinforcement As,min = 229.9 mm?. For the sake of preserving the continuity of
the upper fibres of the SMF inelastic stress distributor from the base of the support to the long
span of the beam, the technical treatment stipulates that a series of 2D22 longitudinal steel

bars must run continuously to maintain the upper fibres of the field.

11.2.4.6 Detailed Evaluation of SMF Flexibility Performance and Inspection of Free
Distance Density

The systematic determination and consolidation of the closed circuit design using two
D22 bars linearly for both the upper and lower compartments along the entire span has been
successfully accounted for in the previous phase. At this level of investigation, the equivalent
structural performance capability to develop the specific concrete ultimate section moment
¢dMn was reviewed exclusively for the 2D22 steel configuration to be validated against the
strict compliance signs of the SMF power hierarchy. The depth of the equivalent block
supporting the actual internal concrete compressive force ($a$) was represented from the

calculation.:

_ Asx fy
a (0.85)(fc")(bw)

760,26 x 550

=—————=156,22 mm
0,85 x 35 X 250
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Menghitung kapasitas ketahanan ultimit penampang mereduksi momen guling (¢Mn):

cl)Mn:cI)xAsxfyx(d-%)

Mn = 0,90 x 760,26 x 550 x ( 342 - 2222) = 118,13 kNm
2

In accordance with the dictum of global seismic resistance standard SMF SNI

2847:2019 Article 18.6.3.2, the rules of energy dispersion during the formation of plastic

joints force flexible components to comply with two strict reversal ratio distribution rules:

1.

Regulation of 1/2 Capacity Configuration at the Front Support Point: The positive
moment resistance configuration (118.13 kNm) must not be formulated at less than half
the absolute bending strength percentage of the opposite (negative) side operating in
parallel at the same support point (118.13 kNm). Given that the concrete reinforcement
distribution is applied with identical precision and mirror symmetry between the upper
and lower polar layers (2D22), the strength ratio parameter has a perfectly equivalent
value (100%), which absolutely exceeds the safety limit (50%). (Absolutely Fulfilled
Parameters).

Simultaneous 1/4 Capacity Protection Threshold Regulation Along the Span: The
integrity of the beam span's resistance, wherever its cross-section is measured (constant
value of 118.13 kNm), is prohibited from falling below the maximum quarter limit of
flexural strength at all ends of the support components (118.13 kNm). The calculation
formulates a uniform comparison (100%), calibrated well beyond the lower quarter

tolerance limit (25%). (Absolute Parameter Fulfilled).

11.2.4.7 Final Inspection: Geometric Analysis of Casting Clear Spacing Layout

Arrangement

The evaluation of the minimum transverse clearance space focuses on avoiding

congestion (density) of reinforcement. Adequate spacing is an absolute guarantee in the field

execution process (constructability) so that heavy aggregate gravel can be compacted using a

mechanical vibrator without clogging and creating honeycombing defects. The minimum

space between the circular profiles of the longitudinal steel bars must not be less than the

aggregate standard plus the hydration tolerance, which is practically defined as 25 mm in
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standard concrete regulations. The outer linear dimension requirement for single horizontal
reinforcement assembly (breq):

breq = 2 cc (protective cover) + 2 ds (diameter of the fireproofing) + 2 db (circumference
of two bone profiles) + 1 x 25 mm (single barrier channel)

breq = 2(35) + 2(12) +2(22) + 25 = 163 mm

Analytical observations prove that the required engineering width limit to prevent
blockages (163 mm) is calculated to be drastically below the actual capacity of the allocated
commercial concrete cross-section width (bw = 250 mm). Single-layer placement for high-
performance, validated tensile steel profiles is highly compatible with daily field project
implementation scenarios. The optional plan to cram in a 2-layer placement (2-layers vertical
bundling) is scientifically unfounded, operationally inefficient, and therefore professionally

eliminated.

11.2.5 Extensive Analysis of Shear Force Translation Capacity and Transverse
Reinforcement Engineering (Hoops)

The fundamental concept behind the shear force transfer architecture in SMF frame-
based elements stands purely and autonomously on the dogma of "Capacity Design" (capacity
design hierarchy). This prescriptive mechanism is exclusively and solely focused on tolerating
the decompression of the interlocked aggregate matrix and the failure of lateral slippage when
diagonal cracks penetrate the massive cross-section vertically, as an inevitable consequence
of the dissipation of seismic excitation on an extreme periodic scale. The shear engineering
planning phase requires a series of predictions of the range of damage dissipation areas
(plastic damage zones), recalibration of the intrinsic strength of the cement matrix through
substitution of the innovative logarithmic dimensional performance shrinkage factor (As), and

execution of the transverse structural binding architecture (seismic safety braces).

11.2.5.1 Specific Demarcation of the Plastic Joint Concentration Area Range (lo)

Closed-circuit binding steel (seismic hoops with extreme 135-degree seismic anchor
turn parameters) is instructed based on consensus to be welded to the entire frame with very
tight spacing to create a protective hydraulic blanket restraint tube. This pressure confines the
molecular core of the cement compression to dampen infinite expansion (Poisson's effect

dilation) and, at critical moments, protects the longitudinal flexural screw circuit from
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bending outwards and bursting through the protective shell (local outward buckling). The
geolocation of the plastic strain joint confinement space defines the absolute limit at which
the melting of the iron pull exceeds the elastic phase (yield strain) and can be converted into
actual non-structural joint rotation without immediate fracture consequences. Referring
absolutely to the compilation of SNI 2847:2019 Article 18.6.4.1, this concentration area
requires an assembly intervention range along the double projection of the gross thickness
dimension representation of the beam structure (2h), mapped from the boundary point of the
front wall of the supporting beam B1 to the spread penetrating the centre of the dividing beam
B2.
lo=2xh=2x400 mm = 800 mm

For the topographical scenario of the B2 Beam component with a pure operational free
projection range of 6000 mm, the geolocation of the stud distribution design is tabulated
linearly into two classifications of fundamental load compartments, including:

1. Quarantine Dissipation Containment Area (Plastic Joint Zone): The buffer zone at the
end of the track extends 800 millimetres from the left axle support beam boundary and

800 millimetres from the right axle support beam boundary.

2. Elastic Mid-Span Area (Outside the Plastic Containment Zone): The central void
flanked by both protection boundaries with a calculated clear distance ranging from

6000 mm - 800 mm (Left) - 800 mm (Right) = 4400 mm

As
11.2.5.2 Recalibration of Internal Shear Strength of Cement (Vc¢) with Formulation

Including the Effect of Mechanical Crack Size Factor ()

The fundamental paradigm of the analytical model of unreinforced concrete failure
agrees with the nature of its characteristics as a quasi-brittle material. The most dramatic
historical momentum in the shift in the standardisation procedure of SNI 2847:2019 from its
predecessor (simultaneously adopted from the transition of ACI 318-19) was the acceptance
of the size effect modification factor parameter (A) as a mandatory measurement instrument.
This radical philosophical adjustment, which originated from the conclusions of Z.P. Bazant's
lengthy laboratory investigations into fracture mechanics rules in the past decade, presented
the theorem that the concrete matrix in a beam body will bear an escalation of the vulnerability
gradient of the proportional mathematical decrease in shear strength. BaZant's laboratory

investigations into fracture mechanics in the past decade, presents the proposition that the
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concrete matrix in a beam body will bear an escalation of the vulnerability gradient of a
proportional reduction in shear strength mathematically in line with the linear geometric
expansion of the component's dimensions. Comparatively, waist-high elements provide a
lower interlock diagonal strength coefficient than palm-thick samples when exposed to
destructive stress. Ag

Although in the context of SMF reinforcement methodology, the reinforcement
components are forced to continue to excessively reinforce the conventional closed truss
frame beyond the basic safety reserve of the critical shear area ratio (Av,min)— a justification
for relaxing the initial formulation to allow the use of the old constant linear substitution
formula of 0.17 — the scientific presentation of the specifications in this analytical calculation
is declared to be complete, rigid, and not based on the latest and most difficult formula format
from the expansion of the specific dimensional effect parameters of the fracture strain
mechanics. Initial computation of the proportional variable Ag:

2

A= |—<10

1+ﬁ

Functional depth derivation substitution d = 342 mm:
As= |—5=00919
S 1+ % s

The constant weakening degree of the aggregate matrix of 0.919 is conditioned to
suppress the natural strength of pure cohesion of internal cement particle bonding. The
calculation formula for the reserve strength of concrete shell drag resistance (Vc) is redefined
to synchronously stimulate the combined effect of composite gravel interlocking gradation
together -equivalent to the dowel action effect of the functional ratio of the actual upper and
lower steel wire (p,, ), where the non-plastic zoning of the middle beam continues to contribute
significantly. With a reference quantity of installed area As = 760.26 mm? for the trusted track

zone: Longitudinal percentage representation ratio:
_ As
Pw bwxd

760,26
Pw 250 x 342

=0,00889

Elevation of the volumetric index on the longitudinal bone wire proportional ratio parameter:
1
p: =30,00889 = 0,207
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Relying entirely on the tabulated references of the equation solution algorithm SNI
2847:2019 Table 22.5.5.1 for non-prestressed cross-beam segments that are completely free

from the compression of the longitudinal gravity of large columns (Nu = 0):

1
Ve=0,66xAs x Ax p3 x+/f'cxbwxd
Vec=0,66x0,919x 1,0x 0,207 x V35 x 250 x 342 =63.499 N = 63,5 kN

Based on the compilation of analytical calculations of the empirical crack size effect
law, the maximum pure static friction resistance that can be mobilised by the concrete cross-
section is declared to be at the validated exact point of 63.5 kN. This will be the absolute
comparative coordinate axis when revealing the percentage quota of the transverse

reinforcement interval spacing in the central span.

11.2.5.3 Mechanical Construction of Lateral Restraint Belts (Hoops) in the Elastic
Rupture Region (Plastic Hinge Zone)

Computational simulation data demonstrates the extreme perpendicular vertical force
of the design resulting from the superposition of the gravitational force plus the earthquake
thrust at the bearing line as Ve = 50 kN. With regard to the specific mechanical behaviour of
the structure within the seismic reversal zone tube (consolidation of longitudinal joints in the
interval of the 2h projection), the normative resolution of concrete regulation SNI 2847:2019
Article 18.6.5.2 outlines an absolute legal obligation of mechanics that all contributions to the
shear section toughness of attached cement particles (static Vc strength value) must be
assumed to be zero (0). The cancellation of this cement grip force actively functions as a
protection parameter when the dominant impulse of the transverse tensile force towards the
downward gravity on the structural element is assessed to be too insignificant (Pu < 0.05 Ag
f'c) in parallel with a profile of pure vertical shear damage that is solely controlled by the
seismic translational pendulum deflection mode. The protective logic of this extreme
apocalyptic failure scenario is simulated from the phenomenon of criss-crossing aggregate
disintegration, in which two-way diagonal cracks in broken concrete slabs that are repeatedly
struck (spalling out) will never again be able to distribute the diagonal grip of gravitational

lift forces.
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As a side effect of cancelling this concrete block contribution, the entire quantity and
absolute percentage of tear strain value as far as the 800 mm confinement area at the support
boundary is fully and evenly distributed, relying solely on the architecture of the protective

shell of the transverse steel mesh structure bond strength (Seismic Hoops Configuration):

_ Ve,support

VS—T-VC

Vs = % -0=66,67 kN =66.670 N

The proposed architectural formation utilises vertical closed-box safety loop
reinforcement with standard equilibrium daktail double-leg assembly (single hoop
architecture, double-legs contribution). The raw material is specified as pure 12-millimetre
diameter constant threaded steel profile (ds = 12 mm). The option of a pair of legs ring model
geometry is classified as a common fabrication structural formation strategy that has been
empirically proven to be highly capable and excellent for wrapping a short to medium calibre
250 mm wide cross-section frame. This formation design guarantees that the aggregate pour
clearance gap is perfectly accommodated in the reinforcement range without being crowded
by the complexity of weaving and twisting double-layered extra wire ties (additional internal
overlapping ties or crossties architecture) that are prone to getting caught on rocks.

The ratio of the combined area of the two cross-sectional profiles cuts the cross-sliding
wire ready to combat stress (v):

Av=2x (0.25  x (ds)?)

Av =2 x (0,7854 x (12 mm)?= 226,19 mm?

The theoretical simulation projection of the maximum spacing tolerance of the actual
operational span (Szq), Which is purely dictated by the requirements of physical resistance

mechanics calculations, is defined as:

Avx fytxd 226,19 x 280 x 342
Vs 66.670

Sreq =

=324,8 mm

It is at this intersection that the authority and power of earthquake-resistant spatial
layout engineering literacy prescriptions dominate. Although real material mechanics
calculations prove that a 320 mm spacing margin is sufficient to prevent collapse, SNI
2847:2019 Article 18.6.4.4 requires the brutal forced cutting of this operational elastic slack

interval. This extreme gap reduction is codified as an absolute guarantee in the
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implementation process to serve the function of limiting the deformation shift of the main
steel reinforcement restraining joints in areas prone to buckling (post-yield confinement and
anti-buckling guarantee). with the reduction of the absolute tolerance gap interval of the
maximum permissible spacing range (smax) being the smallest and most compact comparative

numerical value of the following four strict limiting variables:

342 mm

1. Half of the radius of the deepest portion of the functional dimension (d/4): e

85.5 mm

2. Six times the calibre interval of the longitudinal equatorial strain bending bar profile it
encompasses (6db): 6 x 22 mm = 132 mm

3.  Absolute fixed nominal tolerance limit from construction engineering literature:

Constant at a fixed value of 150 mm

Comparative scanning of the three upper limits of the matrix above demonstrates that
the most extreme central control filter indicator is won by the effective effect depth ratio
portion limit of the cross-section (d/4), which breaks the interval with the forced loosening of
the seismic restraint stirrups prohibited from being released beyond the limit of 85.5
millimeters. Delving into the habits of the engineering profession that are oriented towards
escorting the ease of simplifying material cutting in the task field and reducing the probability
of deviation in labor assembly (fabrication deviation minimization), the value of the span
distance is tightened and shrunk roundly aligned in the harmonic interval downwards, namely
to a distance size of multiples of tens of 80 millimeters. The initial position of the opening of
the installation of this initial seismic cage stirrup block (hoop) is required to be undeniably
patented to be hung in a shift span that does not exceed the allowance margin as far as the
dead number of 50 millimeters is measured absolutely perpendicularly towards away from
the border wall of the zero point of the face of the column as the intersection of the vertical
building support pillars. The consequence of this complex but essential analytical chain
concludes that specifically within the quarantine territory of the elastic yielding absorption
area (the long border interval as far as the 800 mm distance tube is calculated centripetally
away from each end of the beam on the left and right axis of the main support placement), the
constructive blueprint specifications of the shear reinforcement system must be realized
carrying out the details of the 2-Foot D12 Stirrup steel tie system with a Close Spacing of 80

mm.
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11.2.5.4 Mechanical Construction of Transverse Reinforcement in Free Field Segments
Outside the Boundary of Elastic Joints

Regardless of the extent of the elastic void load-bearing territory in the centre of the
beam structure field, which is specifically limited by the 800-millimetre span of the left wing
rotational support area and the 800-millimetre equivalent support beam of the right wing
compartment of the total span, the estimated deployment of transverse shear force absorption
of the equilibrium structure outlined in the software data is recorded in the field parameter
number Ve = 72 kN. On the transverse route of the central compartment of the non-essential
bending region of this central beam, the vulnerability of the deterioration profile of the
destructive energy of the crushed diagonal core of cyclic shear friction of the earthquake shock
cycle is classified as passive damping, slowing down drastically. Based on the premise of
relaxing these conditions, the ACI regulatory framework's earthquake protection certification
instrument allows for the full capacity of the pure strength reserve of the matrix of mixed
crushed stone fragments supporting the concrete structure itself (Vc) to be able to function by
manoeuvring to remobilise the energy contribution of full strength to bear the accumulated
shear force drag of the remaining static floor load.

The recapitulation of the total compressive strength of the concrete aggregate mixture
has been manifested with exact precision, complying with the calculations in the previous
scheme based on the physical mechanism of crack reduction in a high-wear concrete
formation (Vc equivalent total density = 63.5 kN).

The proof requirement for the adequacy of the frame strength is validated by comparing
the minimum defence line limit for the fixed belt ring division (threshold limit comparison):

dVe=0,75 x 63,5 kN = 47,6 kN

Because the assignment of shear force load design measured real cross-section field
span at the actual reference point Ve, field (72 kN) peaks absolutely dominates expanding
above the proportion of the concrete cohesion safety ceiling allowed to support the force ¢pVc
(47.6 kN), from a purely confirmed empirical scientific study, the beam body is useless if it
is assigned to carry an excessive load by relying solely on the natural strength of concrete.
For this reason, the alignment of the intervention of breeding reinforcement of the absolute
transverse shell coating belt cannot be negotiated and must be conditioned to be ready to cram
support energy to suppress and offset the residual drag of the equatorial trajectory shear force

deficit.
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Detailing the calculation of the residual quantity of pure inclined inertia shear
displacement thrust that must be channelled, compressed, absorbed, dampened and destroyed

by the transverse steel composite assembly (Vs):

Ve field 72 kN
I -Vc=

Vs = ¢ 0,75

-63,5kN=325kN} =32.500 N

The proportion of the compensation clearance space for the clamping ring belt
tensioning bar is plotted at the mid-latitude of the non-plastic zone to withstand the
compensation energy of the sharply decreasing residual tension deficit. This is always
formulated in conjunction with monitoring consistent continuity based on the dimensions of
similarity. basic matrix material of solid iron profile, large area of protective reserve supply,
2-layer steel shell bond, symmetrical clamp bond, threaded wire, typewriter type, two-foot

clamp parameter, D12 profile dimensions:

Avx fytxd 226,19 x 280 x 342
Sreq = =

Vs 32.500

=666,4 mm

To maintain the consistency of the distribution path of the bending stress safety net in
the transition path that can dynamically trigger the pumping effect of the propagation of the
residual crack bending of the fatigue yielding joint of the support boundary to the interior of
the axis cutting the static neutral field territory, the rigid reference specification of the distance
between the separation space of the absolute ring axis of the span limit must be continuously
regulated and controlled. In accordance with the synchronization of adoption with the
standard limit codification of the manual for earthquake resistance construction SNI
2847:2019 Article 18.6.4.6, for the arrangement of the whole proportion of the entire span of
the SMF element composition bar, the distance of the spacing of the stretch of the
reinforcement wire array binding the transverse safety is prohibited from being prohibited
from stretching out of control beyond half the portion of the proportion of the height point of
the efficient geometry of the pure beam cross-section (d/2) even though the supply series of
the installed stirrup woven clamps are positioned at locations that are not specifically for
demonstrating the task of enclosing the formation of the static support yielding joint defense
area. The secondary filter parameters of the accompanying instrument focus on the minimum
guarding standard stretching limit criteria shear reinforcement area supply area quantity
percentage base cut protection area ratio cross steel shear natural protection (Av min)

according to SNI 2847:2019 Article 9.6.3.4. The conclusive audit of mathematical alignment
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of cutting spacing limit longitudinal loosening as the highest absolute maximum span per

tolerance minimum protection clamping criteria geometry of the protective track size:

Based on the final accumulated verification of the calculation ratio, the series of
analytical requirements for theoretical absorption capacity actually allows for a generous
clearance up to the tolerance limit of 666 millimetres. However, the range of the barrier line
stretch of the protective controller design is always directed and guided strictly by the static
filter control lock parameter based on SNI 2847:2019 Article 18.6.4.6. The proportional
restraint ratio of this conventional static beam requires the spacing to be set at a maximum
stop limit of d/2, resulting in a limit of 171 millimetres.

For the purposes of pragmatism and functional service in the field, these theoretical
limit figures are harmonised. The utilisation of convenience, standardisation of technical sign
language for work, and operational communication for the fabrication of circuit cutting of belt
loops is essential at the site of this massive vertical mega-building project (central emergency
service hospital). Therefore, it was agreed to harmonise rational synchronisation in the form
of fixing the margin proportion rounding tolerance downwards. The size of this harmonic
range was shortened, condensed, and locked at the shortest safe interval, which is a commonly
used tactical multiple, namely a limit of 150 millimetres.

With the disclosure of the conclusions of this descriptive analytical elaboration, a
consensus was reached on the absolute determination of the assignment of sliding protective
compartment specifications for the neutral segment of the supporting structure's belly portion.
This elastic void area extends linearly for 4400 millimetres, purely outside the territory of the
plastic hinge's rotational movement (starting from a distance of 800 millimetres measured
from the boundary of the left base column wall to 800 millimetres at the right boundary). A
summary of the parameters and specifications for the assembly of the vertical tie rod

protective knitted wire mesh is presented in Table 64 below.

Table 64 Recapitulation of Parameters and Final Determinations for Sengkang Field (Non-

Plastic Zone) Beam B2
Field Sengkang Evaluation | Calculation Value / Technical Justification
Parameters Specification Description
(Tshe;)retlcal Space Requirement 666.4 mm Based on residual shear force Vs
req
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Field Sengkang Evaluation Calculation Value / Technical Justification
Parameters Specification Description

SNI Maximum Space Limit Absolutely controlled by strict
171 mm .
(Smax) d/2 requirements

Rhythmic tactical rounding of

Practical Field Space Decision | 150 mm . )
construction operations

Transverse Reinforcement Original Threaded | Provides high ductility of
Profile Type Rod (D) concrete restraints
Steel Wire Diameter (ds) 12 mm Material consistency with bearing
clamps
. Closed square box circuit ring
Brace Leg Configuration 2 Pure Feet belt
Final Assembly Specifications 2 Feet D12 - 150 Constantly 1‘nstalled across the
mm field gap axis

Based on the table above, the specifications for the composite belt assembly for the
double iron profile sliding barrier filler blanket ring with absolute supply identity
characteristics are as follows: Transverse Sliding Support Type Specifications 2 Pure Feet
Original Threaded Rod D12 - Installed in a Constant Row at an Absolute Close Spacing Range

of 150 millimetres.
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Figure 35 Visual Cross-Sectional View of Type B2 Beam Details

11.2.6 Regulatory Requirements for the Integration of Longitudinal Flexural
Reinforcement Splice Zones (Lap Splice Zone Integration Requirement)

The protection and integrity assurance system for the flexible frame of the SRPMK
structural elements requires strict control of the continuity of the longitudinal reinforcement.

The B2 secondary beams, which function as load carriers for the floors in this Category IV
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Risk health facility, are designed to have a continuous level of ductility. Therefore, the
management of lap splices must comply with very detailed protective precautions.

As prescriptively mandated by SNI 2847:2019 Article 18.6.3.3, flexible reinforcement
lap splices are strictly prohibited from being placed within the plastic hinge zone. This
prohibited area covers a distance of twice the beam height (2h) measured from the face of the
column or main beam support. This restraint requirement forces the break point and the main
reinforcement steel connection to be absolutely shifted and centred in the middle of the beam
span (field), provided that its location is completely away from the support margin zone by a
distance of 2h.

In addition to location settings, SNI also requires additional insurance in the form of
extra restraint in the passage connection area. Along the intersection zone of the passage
connection reinforcement in the field area, the installation spacing of closed transverse clamps
is not allowed to loosen. The spacing of the ties must be tightened and locked below the d/4
ratio threshold or meet the maximum constant value limit of 100 mm. This tightening is
crucial to ensure that the local concrete stress in the transfer area remains under control and

to prevent concrete spalling due to the tensile force of the connection.
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| =
|
é
i A
BALOK ANAK B2
CLEAR SPAN: 6 m

X
v
\— COLUMN/BALOK PENYOKONG B1

Figure 36 Profile of the Extended Structure of the B2 Beam
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11.2.7 Conclusive Recapitulation of Reinforcement Performance Design Results and
Recommendations for Blueprint Visual Format (Shop Drawing) Project Work

The entire integration of these detailed scientific analytical calculations is firmly based
on the principles of ductile collapse capacity design. The B2 beam cross-section has been
configured to inelastically accommodate gradual and regular plastic hinge rotation. The
precise application of shear restraint details through 135-degree seismic hook-circuit closed
clamps mathematically ensures that the energy dissipation mechanism can function perfectly.

The implementation of this cross-section geometry and reinforcement architecture
ensures that the B2 secondary beam has sufficient toughness and seismic protection resilience.
This structure is projected to be highly stable in damping impulsive loads, repetitive
vibrations, and lateral deflection resulting from ETABS dynamic response spectrum
simulations. This structural framework is capable of absorbing, channelling, and dissipating
earthquake excitation energy without risking brittle shear failure or sudden, fatal collapse.

To facilitate accelerated absorption and ease of technical execution, all the key points
of the mapping of the approved reinforcement design are consolidated into a structured
tabulation matrix. The extraction of this data aims to bridge the gap between complex
analytical language and practical visual guidance.

The hierarchical documentation in Table 12.2 below will greatly assist implementing
engineers and field fabrication teams in the assembly, steel cutting, and shank bending
processes. This presentation will, in turn, accelerate the process of legalising shop drawings

and minimise potential fabrication deviations at the hospital construction project site.

Table 65 Hierarchical Recapitulation of the Results of the Transverse Reinforcement and
Shear Protection Belt Reinforcement Decisions for Secondary Beam B2 (Dimensions 40x25

cm)
Location Quota Format of Actual Design
Categorisation Tvoe of Position Require- Decision on Installed Capacity
of Geographical yP Placement ments Area Actual Reinfor- Standard
. Reinfor- e e e . . . .
Boundaries of cement Use Distribution Minimum Reinforcement | cement Compliance
Zone Elements Cross- Actual Ratio | Specifications Area Validation
section (mm?) Installed (mm?) Status
Main .
Upper Liner Meets Safety
Elastic Support Assembly (Moment 229.9 Stee1.2 D22 760.26 Requirements
.. (Flexural . Continuous
Zone Limit Resistor -) (OK)
(Range 0 metres Absorber)
~0.8metres) | Main Lower Liner Steel 2 D 22 Mects Safety
Assembl (Moment 266.7 Continuous 760.26 Requirements
Y Resistor +) (OK)
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Zone

mm

Location Quota Format of Actual Design
Categorisation Tvoe of Position Require- Decision on Installed Capacity
of Geographical yP Placement ments Area Actual Reinfor- Standard
. Reinfor- R . . .
Boundaries of cement Use Distribution | Minimum | Reinforcement | cement Compliance
Zone Elements Cross- Actual Ratio | Specifications Area Validation
section (mm?) Installed (mm?) Status
(Flexural
Absorber)
Joint
Cross Belt Restraint Maximum Steel Ring 2 ExacF Meets Safety
Brace Tube . Feet D12 - Spacing X
. Spacing < _ | Requirements
Assembly Containment 85.5 mm Close Interval | Interval = (OK)
(Shear Brace) | (Seismic ’ 80 mm 80 mm
Hoops)
Main
Assembly Uppe.r Layer . Meets Safety
(Torsional Continuous .
(Flexural 229.9 760.26 Requirements
. Moment Steel 2 D 22
Tension Resistor -) (OK)
Absorber)
Neutral Elastic Main Lower Laver
Field Zone Assembly T Ly . Meets Safety
(Torsional Continuous .
Boundary (Flexural 370.2 760.26 Requirements
. Moment Steel 2 D 22
(Range 0.8 Tension Resistor +) (OK)
metres — 5.2 Absorber)
metres) External .
Cross Belt Elastic . Ring Steel 2 Exact
Maximum Feet D12 - . Meets Safety
Brace Support . Spacing .
Spacing < Staggered _ | Requirements
Assembly Area of 171 mm Interval 150 Interval = (OK)
(Shear Brace) | Plastic Joint 150 mm

Table 65 above is a scientific validation declaration of the performance capacity of

Beam B2. The determination of a uniform main reinforcement configuration, namely 2 D22

continuously for the entire upper and lower fibre paths (continuous rebar profiling), absolutely

eliminates structural weaknesses due to lap splice congestion vulnerability at critical nodes.

This constant and symmetrical reinforcement configuration also guarantees perfect fulfilment

of the SRPMK flexible hierarchy design criteria. The restriction rules for the positive moment

strength ratio of the support, which is at least half (1/2) of the negative moment capacity, and

the minimum span capacity maintenance limit of a quarter (1/4) of the maximum moment,

have been exceeded with absolute safety. Finally, the transition mapping of the shear spacing

from the 80 mm dense zone at the support to the 150 mm sparse zone in the field has been

approved with the rating "Meets Compliance Requirements (OK)", ensuring that this

document is ready for implementation into the working drawings.
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CHAPTER XII
COLUMN PLANNING

12.1 Planning Column K1 (700x700 mm)

Hospital buildings are among the most crucial infrastructure in the public facility
system, classified as Risk Category IV based on national seismic standards. This status
mandates that buildings must be designed with the highest level of reliability and seismic
importance factor, namely 1.5. The main objective is to ensure that the structure not only
prevents total collapse during a maximum considered earthquake (MCE), but also maintains
its functionality so that it remains fully operational (immediate occupancy) to serve post-
disaster medical emergencies. Based on design spectral acceleration considerations for areas
with a high Seismic Design Category (SDC), the lateral force restraint system that must be
adopted is the Special Moment Frame (SMF). This system requires very strict detailed
reinforcement design to provide maximum ductility, energy dissipation capability through the
formation of plastic hinges, and cross-section integrity under large inelastic deformation.

In the structural hierarchy of SMF, vertical elements that support gravitational forces
and lateral resistance—namely columns—play an indispensable role. The collapse of a single
column can trigger progressive collapse, which has the potential to destroy the entire
structural system. Therefore, the Strong-Column Weak-Beam principle is implemented
absolutely, whereby columns must be designed to always be stronger than the beams that
frame them. In this subsection, the evaluation of applied mechanical analysis and manual
calculations will focus in depth on the main structural element, namely Column K1. This
column is designed with massive dimensions to withstand a combination of very high axial
compressive forces and two-way bending moments (biaxial moments) caused by the
interaction of dead loads, live loads, and dynamic earthquake loads.

The manual calculations and checks described in this chapter are not merely
mathematical formalities, but act as a fundamental verification and theoretical validation
process for the output of the P-M interaction diagram generated using spColumn finite
element software. This manual analysis process is carried out comprehensively, structurally,
and in accordance with the latest technical regulations applicable in Indonesia, namely SNI
2847:2019 concerning Structural Concrete Requirements for Buildings, which technically
adopts the ACI 318M-14 framework. This study will detail every analytical aspect, from

geometry verification, high-quality material strength engineering, detailed longitudinal
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reinforcement steel design, determination of the critical length of plastic hinges, to the design

of extreme transverse shear restraint (shear) matrices.

12.1.1 Material Property Specifications, Geometric Parameters, and Internal Load
Data

The most fundamental step in designing reinforced concrete structural components is to
define all input variables, which include the physical properties of the constituent materials,
the geometric dimensions of the cross-section, and the internal forces that the cross-section
must bear under ultimate loading conditions. The material combination selected for Column
K1 incorporates the concept of medium-high tension concrete combined with new generation
high-strength longitudinal reinforcing steel. This column is designed using a square cross-
section, whose geometric symmetry naturally provides equivalent moment of inertia
(isotropic inertia) resistance to bending from both the X and Y orthogonal axes.

The specified concrete has a characteristic cylinder compressive strength (f'c) of 35
MPa. The use of 35 MPa concrete quality is essential to support medium to high-rise building
structures because it provides a solid nominal compressive force, reduces creep in the long
term, and increases the bond strength between the cement paste and the steel reinforcement
fins. Meanwhile, a design breakthrough has been applied in the selection of the main
reinforcing steel material, which uses Reinforcing Steel Bar (BjTS) specifications with a yield
strength (fy) of up to 550 MPa. Based on the amendment to the provisions in SNI 2847:2019
Article 20.2.2.4, longitudinal reinforcement steel for earthquake-resistant structures (SMF) is
now permitted to use a quality of up to 550 MPa as long as the steel profile meets the ASTM
A706M low-alloy steel standard or its equivalent. These metallurgical restrictions are strictly
enforced to ensure that the steel has a long limit elongation ratio before breaking, as well as a
minimum tensile-to-yield ratio of 1.25, which serves as a guarantee that the reinforcement can
undergo strain hardening in a stable manner in the post-yield phase without brittle fracture.

On the other hand, for binding materials or transverse reinforcement, steel specifications
with a more moderate yield strength of 280 MPa (BjTP/BjTS 280) are designed. The
engineering paradigm underlying the use of 280 MPa quality steel reinforcement bars
compared to 550 MPa quality is to ensure the ability of the reinforcement bars to expand
plastically with better ductility. When the concrete at the core of the column is strongly
compressed due to axial force and begins to expand laterally due to the Poisson's ratio effect,

the reinforcement will be pulled into a hoop tension. 280 MPa grade steel will provide yield
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strain at a more reasonable elongation, allowing for more synergistic activation of the concrete
slab restraint without transferring sudden brittle shear loads.

All factored load configurations (U) in this analysis are the maximum envelope of
various load combinations including dead load, live load, and dynamic earthquake spectrum
response. All design variables, ranging from absolute geometric areas, axial force Pu, bi-axial
bending moment values Mu2 and Mu3, as well as shear force variations at the supports and
field, are systematically compiled to establish quantitative calculation limits. The details of
these parameters and basic data are then systematically organised in Table 66 below to provide

a basic matrix that can be easily used as a reference for numerical validation in the next stage.

Table 66 Recapitulation of Parameters and Basic Data for Column K1 Planning

Parameter o . . .

Classification Deskripsi Teknis Symbol Value | Unit
Column Cross-Section Width b 700 mm

Cross-section | Column Cross-Section Height h 700 mm

Geometry Clear Height Between Floors L 3,3 m
Clean Concrete Cover Thickness ts 40 mm
Characteristic Concrete Compressive fo 35 MPa
Strength
Malq Longitudinal Reinforcement fy 550 MPa

. Quality
Material Y -
. . Longitudinal Reinforcement

Specifications . D 29 mm
Diameter
Tran;verse/Stm‘up Reinforcement fyt 230 MPa
Quality
Stirrup Reinforcement Diameter db 14 mm
Ultimate Axial Compressive Force Pu 4.173 | kN
Ben.dlng Moment on Minor Axis M2 662.32 | kKNm
(Axis 2)

Internal Load Bending Moment on Major Axi

Factor ending Moment o Jo 51 M3 495,1 | kNm
(Axis 3)
Factored Shear Force at Support Vu, support | 446 kN
Factored Shear Force at Field Vu, field 456,66 | kN

Table 66 explicitly maps the entire data constellation. The axial load Pu of 4,173 kN
represents a giant vertical compression equivalent to approximately 417 tonnes of equivalent
weight that must be safely transferred by this 70x70 cm cross-section to the foundation. The
significant biaxial moments on both axes confirm that this column is a component of the three-
dimensional space-frame load circulation that must be evaluated for capacity through a review
of the P-M inter-axial bending interaction. These fundamental parameters will form the basis

of all analytical calculations in the following technical subchapters.
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12.1.2 Philosophical Review and Checking of SMF Geometric Conditions

The Special Moment Frame (SMF) establishes geometric rules that cannot be ignored
for all of its main components, given that the safety of post-yielding structures is highly
dependent on the slenderness ratio of the columns. SNI 2847:2019 Article 18.7.2 has
stipulated that the hysteretic behaviour of reinforced concrete subjected to repeated lateral
cyclic loading is greatly influenced by its dimensional stability. If the column cross-section is
too thin or slender, the column will be highly susceptible to global buckling failure (Euler
buckling) and local instability when the concrete cover begins to spall in the compression
zone. Therefore, the design standard dictates two absolute geometric laws that must be
adhered to.

The first rule stipulates that the smallest cross-sectional dimension of a moment-
resisting column, when measured along a straight line passing through the geometric centre
of the cross-section, must not be less than 300 mm. This 300 mm standard is derived from the
actual need for flexibility in installing the reinforcement cage. The concrete core must have
sufficient space to accommodate a 40 mm thick concrete cover, large longitudinal
reinforcement bars, dense transverse tie anchors, and still provide sufficient clear spacing
between the steel so that the coarse aggregate in the concrete mix can pass through the
reinforcement gaps without causing segregation, voids, or honeycombing.

The second geometric law relates to the proportional ratio between the sides of the
cross-section. The regulation stipulates that the ratio of the smallest cross-sectional dimension
to the perpendicular dimension is strictly prohibited from being less than 0.4. This ratio serves
as a parameter to prevent architectural designs that attempt to create structures resembling
long flat walls designed using the column construction method. Columns with an extreme
ratio below 0.4 will exhibit a phenomenon of lateral weakness inertia deficiency on their
minor bending axis, which poses a very high risk in accommodating the rotational drift torque
created by two-way earthquake thrust.

Mathematical analysis of the suitability of the K1 Column geometry parameters was
carried out through calculation and verification of the planning dimension data as follows:

1. Smallest Cross-Section Dimension Inspection
The cross-section is designed with a width of b =700 mm and a height of h = 700

mm. The smallest side of this column is 700 mm. By comparing this value with the
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minimum limit, it is evident that 700 mm > 300 mm. The minimum dimension

requirement has been met absolutely and is very safe.

2. Checking the Stability of the Cross-Section Slenderness Ratio

Comparing the width to height values. Due to the square cross-section, the ratio is

calculated as b/h = 700 / 700 = 1.00. Comparing this figure to the minimum limit

required by the SMF stability code, it is found that the actual ratio of 1.00 > 0.40. The

theoretical cross-section ratio parameter successfully exceeds the feasibility standard.

All calculations for the geometric feasibility check of SMF Column K1 are accumulated and

presented more clearly in the form of a confirmation summary in Table 67 below, as evidence

that the column can be processed to the flexible mechanical engineering stage.

Table 67 Verification of Column K1 Geometric Analysis against SNI 2847:2019

Requirements
Geometric Review Reference Parameter Kolom | Requirements | Compliance
Variables Standard SNI K1 Conditions Status
2847:2019

Smallest Cross- Article 18.7.2.1 b =700 mm; h = Mandatory > | COMPLIANT
Section Dimension | point (a) 700 mm 300 mm (OK)
Width to Height Article 18.7.2.1 70 _ 1 Mandatory > | COMPLIANT
Ratio (b/h) point (b) 700 0.4 (OK)
Gross Cross-Section | Basic Geometric | 700 x 700 = Computational | Used in
Area (Ag) Formulas 490.000 mm? Reference calculations

The results in Table 67 articulate that topologically, the 700 x 700 mm column design
has excellent polar inertia stiffness. The gross area Ag, which reaches a value of nearly half a
square metre (490,000 mm?), places the cross-section in the massive structure class, which is
projected to provide a very stable damping capacity and drastically reduce the relative
eccentricity level when this column is subjected to unexpected rotational loads arising from

the 3D portal interaction of the hospital building.

12.1.3 Dynamics of Axial Compressive Force and Biaxial Bending Moment Interaction

Conceptually, the structural behaviour of a column in a portal frame structure is always
subject to complex combined stresses. Columns rarely bear pure axial loads (centred
compression) because the floor slabs and beams that frame them always provide unbalanced
moments, especially when seismic shear forces strike dynamically and produce double
curvature. In this Column K1 planning scenario, the internal forces are identified by the

existence of a massive axial force Pu = 4,173 kN that coexists simultaneously with two-way
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moments: minor axis bending Mu2 = 662.32 kNm and major axis bending Mu3 = 495.10
kNm. The combination of axial forces that limit tensile strain with these two-way moments
creates what is known in engineering mechanics literature as the biaxial bending effect.

Under biaxial flexural conditions, the neutral axis of the concrete cross-section no
longer stands parallel to one of the main orthogonal sides of the column (X or Y), but rather
rotates at an arbitrary angle across the cross-section. The position of this inclined neutral axis
line produces an equivalent concrete compressive stress block (as in the Whitney curve
approach) that has an inclined prismatic shape—often trapezoidal or asymmetrical triangular.
The alignment of the concrete compression force balance at one angle and the elastoplastic
strain of the longitudinal reinforcement, which has different strains at the other angle,
transforms the capacity calculation into a complex non-linear system of equations that is
difficult to solve analytically in a deterministic closed manner. The eccentricity of the loading
is the key to understanding this load force deviation. Manual evaluation of the extent to which
the eccentricity of this axial load working point shifts from the centre of symmetry of the
cross-section (centroid) is carried out through derivative calculations:
1. Analysis of Axial Load Eccentricity (e2)

The displacement distance along the Y-axis cross-section (which is equivalent to

producing Moment M3) is obtained by distributing the major moment against the axial

force.

2 = Mus _29510KNm _ ) 116 m ~ 118,6 mm

2. Analysis of Axial Load Eccentricity in the Third Axis (e3)

The lateral displacement of the force across the X-axis rail cross-section is calculated

uniformly.
e2 = U2 _ 00232KMM _ ) 1587 m ~ 158,7 mm
Pu 4.173.kN

The above calculation shows that the load of 4,173 kN does not fall on the central axis,
but rather strikes a point in the inclined quadrant 118.6 mm north and 158.7 mm east of the
0.0 geometric axis of the cross-section. Due to the complexity of the 3-dimensional
mathematical form of the stress-strain interaction, the process of checking the integrity of
column K1 relies on iterative mapping using specialised column engineering software,
spColumn. The spColumn utility program breaks down the cross-section and all
reinforcement placements into a fine fibre element mesh (fibre section method) and relies on
numerical integration solutions to construct a three-dimensional failure interaction surface

envelope.
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As a foundation for theoretical manual validation, spColumn combines validated
contour curves with the Bresler Reciprocal Load Method analytical approach to ensure that
ultimate capacity is achieved. The Bresler method is formulated to estimate the ordinate 1/Pn
on a P-M interaction contour, where the absolute weakness point is assumed to follow a
reciprocal distribution:

1 1,11

Pn Pnx Pny Pno

In this equation, Pn defines the nominal maximum load-bearing capacity of the
combination of forces that can be withstood by the cross-section. Pnx and Pny represent the
load-bearing capacity values at pure eccentricity in each uniaxial direction, while Pno is the
maximum pure axial compressive capacity without moment. Based on the spColumn
computation, which is based on the Bresler method, the interaction envelope diagram provides
a safe outer limit curve. The 3-dimensional force coordinate working point (Pu = 4173 kN,
Mu2 = 662.32 kNm, Mu3 = 495.1 kNm) is firmly visualised within the envelope volume
(within the interaction space curve), proving that the column capacity ratio is still safe and

has not reached the ultimate failure curve.

12.1.4 Analysis of Requirements, Determination, and Longitudinal Reinforcement
Ratio

The core of the extraordinary biaxial moment capacity in column components is
supplied by longitudinal reinforcement steel, namely threaded steel bars that bear extreme
tensile forces when the stretched concrete zone begins to crack. In the SMF rules referring to
SNI2847:2019 Article 18.7.4.1, the placement and distribution of longitudinal reinforcement
steel area is maintained within very narrow and strict parameter limits. The standard
absolutely limits the percentage of vertical reinforcement ratio (pg) from falling below a
minimum ratio of 0.01 (1%) of the total gross concrete area (Ag), and it is also not permitted
to exceed the maximum ratio threshold of 0.06 (6%) of the same gross area.

The minimum ratio of 1% is based on extensive research on the long-term behaviour of
concrete. If there is too little reinforcing steel, the secondary static axial load due to slow
shrinkage stress and concrete creep will be transferred entirely to the minor reinforcement
suddenly. The phenomenon of early yield stress due to creep strain can trigger forced bending

and slow lateral deflection. On the opposite side, the 6% restriction (although in empirical
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applications the ideal engineering limit is to restrict it to a maximum of only 3% to 4%) is an

attempt to reduce congestion (extra density) of steel. When the percentage of steel area

approaches the upper limit, the reinforcement bars will accumulate densely in the lap splices

and joint areas (critical intersections of beams and columns). This extreme density obstructs

the circulation of concrete grout released by the tremie, causing concrete porosity, the inability

of the concrete vibrator needle to penetrate, and the loss of vital bond slip.

The manual and systematic mathematical evaluation process to calculate requirements,

plan coverage, and determine the safe ratio of main reinforcement (BjTS 550) D29 in Column

K1 is broken down into the following rational steps:

1.

Identification of the Gross Surface Area of Column Cross-Sections (Ag): Referring to
the initial geometric calculations, the gross area of the column is defined by its length
multiplied by its width,

Ag=bx h=700 mm x 700 mm = 490.000 mm?.

Parametric Calculation of Minimum Absolute Reinforcement Ratio (Ast,min):
Calculating the danger limit below the excess elastic threshold.

Ast,min = 0,01 x Ag=0,01 x 490.000 = 4.900 mm?

Parametric Calculation of Maximum Absolute Reinforcement Ratio (Ast, max):
Calculates the density hazard limit (casting congestion).

Ast, max = 0,06 x Ag = 0,06 x 490.000 = 29.400 mm?

Design of Reinforcement Quantity Mode Selection (spColumn Output Integration)

To satisfy the moment requirements of M2 at 662.32 kNm and M3 at 495.10 kNm, the
software simulates the iterative balance of concrete strain and the yield point of BjTS
550 steel. Given that high-strength 550 MPa steel is implemented, there is an escalation
in stress efficiency—which means that the cross-section requires less steel
volumetrically than classic 420 MPa steel. The use of evenly distributed reinforcement
on each side in a configuration of 20 main steel reinforcement bars with a diameter of
29 mm (20-D29) 1s specified.

Verification of Actual Installed Material Area (Ast, used): The nominal cross-section for
one piece of D29 threaded architectural iron is calculated using the circle area formula.:
Ap2o = 0,25 x  x d*> = 660,52 mm>.

For a total installation of 20 bars, the cumulative area becomes:

Ast, used =20 x 660,52 mm? = 13,221.04 mm?

Actual Ratio Confirmatory Examination (pakeuar): Divide the total steel area by the

gross square cross-section:
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Ast ;
pakal v 100% =
Ag

13,221.04
490.000

x 100% = 2.696%
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This analytical assessment clearly shows that the use of 20-D29 reinforcement results

in a longitudinal reinforcement ratio of exactly 2.696%. This ratio value of around 2% is the

peak performance standard for the SMF high-rise building construction industry; the structure

is considered to be very stable against the possibility of excessive cracking and very free from

pouring blocking risks in critical connection areas. The entire summary of this evaluation is

narrated along with its validity conclusions in Table 68 below, to provide an easily accessible

quantitative reference.

Table 68 Design Check and Actual Ratio of Longitudinal Reinforcing Steel in Column K1

Kriteria Methodology Formulation and Threshold
Komponen Reference / SNI Output Values | Requirements Status
Desain 2847:2019
Gross Cross- | Column Geometry Ag =490,000 Fundamental Used
Section Area | Calculation Basis mm? Area Value
Minimum SNI Article 18.7.4.1 Ast, min =4,900 | Avoid forced Lower
Reinforcement | (1% of Ag) mm?* crawling Limit
Maximum SNI Article 18.7.4.1 Ast, max = Avoid gravel Upper
Reinforcement | (6% of Ag) 29,400 mm? nests Limit
Configuration | Even Distribution of Total 20 D29 Mgm .
Design Cross-Section threaded steel R@lnforcement Applied
bars BjTS 550
. 4,900 <
Total Actual Equation (0.25 x tx | Ast, actual = 13.221.04 < SAFE
) ,221.
Area d2) 13,221.04 mm 20,400 (OK)
. ASt o Within the
Eii?f?fgmem (Aeknsl)  100% | pyguar = 2.696% 16i£2it of 1% - (Sg‘g“

Table 68 leaves no room for doubt regarding the design engineering. It can be seen that

this 2,696% fulfilment is at the golden ratio for essential hospital columns, steadily exceeding

the minimum limit without touching the 6% red zone limit.
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Figure 37 P-M-M Diagram Column K1

12.1.5 Conceptualisation of the '"Strong Column, Weak Beam" Performance
Paradigm

Although this report specifically highlights the specific components of Column K1, in
the design of earthquake-resistant structures, columns are never evaluated as isolated single
units, but rather as an inseparable interactive whole with the beams that frame them
transversely. The most sacred essence in the SMF SNI 2847:2019 standard is the application
of a controlled failure mechanism, which is termed the plastic hinge mechanism hierarchy.
SNI 2847:2019 Article 18.7.3.2 stipulates with absolute certainty the application of the
Strong-Column Weak-Beam concept for all beam-column connections.

Philosophically, in terms of mechanics, when the seismic load striking a building
doubles its projected strength, the seismic energy must be dissipated or absorbed and safely
destroyed. Instead of designing the entire structure to be rigidly strong like an unshakeable
shell (which would incur construction costs beyond reasonable economic limits), the system
is allowed to experience elastoplastic ductile damage (deliberate collapse that extends
indefinitely without breaking) at the nodes of secondary elements, namely both ends of the
horizontal flexible beams. If yielding is allowed to occur at the bases of the structure's
columns, the building risks experiencing a soft-story mechanism—a condition in which one
floor elevation is completely destroyed, flattens, and collapses onto the floor below like a
stack of cards (pancaking collapse) simultaneously, resulting in unavoidable casualties.

Conversely, if the collapse due to yielding is evenly distributed at each end of the beam, the
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structure can still stand with the integrity of the vertical columns intact despite experiencing
drastic deflection.

Therefore, SNI requires an examination of the cumulative nominal flexural capacity of
the connection. The hierarchical strength equation is defined literally as:

Y.Mnc > 1.2 ), Mnb

This sacred equation interprets that the total nominal moment capacity of all cross
columns that are integrated into a single bearing joint (}; Mnc) must be guaranteed to exceed
at least 20% (factor of 1.2) compared to the sum of the ultimate flexural moment capacity of
all beams that converge at the same joint point (). Mnb). The application of fantastic high-
strength steel (BjTS 550) with an assembly ratio of 20 D29 bars of 2.696%, as previously
simulated, is a direct engineering effort to raise the column moment capacity curve (Mnc) as
high as possible to satisfy the 1.2 safety factor requirement, exceeding the thick hospital slab

support beams above.

12.1.6 Determination of the Length Scale of the Plastic Joint Zone (lo) at the Support
Face

To activate the engineered ductile deformation formation capable of absorbing
destructive seismic shock waves, the ends of each column and beam cross-section are defined
as high-risk areas. Because the trapped support moment accumulates at the rigidly locked base
of the plate-beam joint, the location of the first inelastic ductile deformation will trigger the
failure of the protective concrete at the boundary of that location. This zone is referred to in
earthquake science as the Plastic Hinge Zone, a critical band of specific variable length
symbolised by lo, which is emphasised as extending across the structure from the face of the
joint.

Along this specific distance (the long distance), the concrete core of the column must
be tightly "imprisoned" and confined by spiral reinforcement and stirrups so that this artificial
mass does not explode, expand, shatter, or crack when subjected to tensile stress of tens of
megapascals. Meanwhile, the remaining area in the middle span (far from the beam supports)
is categorised as safe from giant bending, so it does not require excessive reinforcement. SNI
2847:2019 Article 18.7.5.1 determines the length of this zone proportionally. The length of
the region at each end must not be less than the maximum limit value achieved from the three

absolute physical comparison formulas executed below.
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The methodology for manually deriving comparative formulas from the standard to obtain the

exact length of the plastic zone (10) is as follows:

Geometric Comparison Condition Parameters of the Largest Cross-Section Side (lo1)

The standard stipulates that the minimum length of the plastic hinge must be equal
to the height of the cross-sectional component on whichever side is being examined and
where melting is likely to occur. In a square cross-section, both the left and right flexible
sides are of equal length, namely h = 700 mm. Therefore, we obtain, l,; = 700 mm.
High Clean Floor Fractional Condition Parameters (102)

The following provisions seek to adjust evenly to the slenderness of the building's
height. The regulation states that this protection zone is mandated to be at least one-
sixth (1/6) of the clear height of the column structure component in an elevation that is
free from interruption of the beam cross-section. The variable Ln is obtained from the
difference between the clear floor-to-floor height (3,300 mm) minus the architectural
assumption of the main truss beam with a height of 600 mm. This results in a clear
column height of 3,300 - 600 = 2,700 mm. Therefore, one-sixth of the height is

calculated:

Nominal Safety Constant Limit Parameters (103)

The final figure is an absolute variable for the lowest empirical safety limit filter SNI,
formulated through historical records of SMF fracture vibration table tests. The standard
value of the absolute safety net parameter is set at a constant 450 mm. Obtained, 103 =
450 mm.

Final Maximum Operation to Draw Long-Term Conclusions (lo)

Bringing all simulation results and calculating the optimal point for maximum safety.
lo = max(lol, 102, 103)

lo = max(700 mm, 450 mm, 450 mm)

Through this extreme comparison function, it is represented that the final required span

is a distance of 700 mm. Therefore, it is definitively concluded that the 700 mm vertical area

measured inward from each base of the beam-slab support joints at the bottom and top of the

K1 Column structure is the location of the Plastic Joint Zone. In this space, the joints will be

dense and tight. Not only that, as a strict design warning, SNI prohibits the existence of any

longitudinal reinforcement lap splice joints within this 700 mm sacred zone. All longitudinal
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steel fastenings must be shifted towards the safe zone in the middle of the outer field of the
column.

A summary of the comparative calculations is shown in Table 69, which clearly
represents how the cross-sectional parameters are the dominant variables controlling the range

of plastic weakness for this large column.

Table 69 Comparative Limit Test to Determine the Length of the Plastic Joint Zone (lo)

Determination SNI Regulation Data S?;tﬁ::l Evaluation &
Parameters Reference Formula | Variables Jarak Selection Status
Cogd ition I Cross- Perpendicular cross- h column Highest Score
sectional ! . . 700 mm ; .
: . sectional dimensions | K1 (Final Selection)
Dimension (lol)
Condition 2: Net .
. . One-sixth of the free Ln=
gsght Fraction height ratio (Ln/6) 2700 mm 450 mm | Lowest Rank
Condition 3: Empirical standard ﬁf;%l::e
Absolute Constant | values from SMF ! 450 mm | Medium Rank
(103) guidelines remains
constant
Reference for
Final Boundary of Installation
Zone lo Max (lol, 102, 03) i 700 mm Limits Close
Joint

r . Top Joint Interface
Plastic Hinge .,
Zone (I,) 700 r|"m
\,, Maximum Transverse
Confinement Zone
Mid-height Zone
Maximum Transverse
‘ _~7| Confinement Zone
_¥'_ K
| |/
Plastic Hinge
Zone (1 700 mm ¥
|
Bottom Joint Interface
5= . | &

SCHEMATIC ZONING DIAGRAM - K1 COLUMN LONGITUDINAL SECTION

LEGEND;
I, = Plastic Hinge Length

Figure 38 Mapping of Longitudinal Cutting Zones on Column Structure K1
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12.1.7 Analytical Engineering of Transverse Reinforcement at the Support Area

After the plastic hinge zone (lo) has been photographed to a distance of 700 mm, the
progressive design moves on to the design of the transverse belt reinforcement that wraps
around it. In the engineering design of the transverse column reinforcement (commonly
referred to as tie bars, shear reinforcement, rings, hoops, or stirrups) in this highly critical
area, the system is designed to follow the twin structural functions assigned to the steel
stirrups. The main dual functions include: first, clamping the D29 longitudinal threaded steel
reinforcement bars, which are under pressure, to prevent them from bending and breaking
through the shell (prevention of compression buckling); second, acting mechanically like a
tightly bound steel beer keg band encircling the core block of compressed concrete paste,
increasing three-dimensional resistance (triaxial confinement), which, according to the
theoretical model of Mander et al., theoretically increases the apparent compressive capacity
of the concrete core many times over when the bare skin layer or concrete cover is allowed to
peel off and crack due to alternating stresses.

This process is executed in stages on two main branches: determining the maximum
spacing restriction between joints (Smax), Which is regulated in the strictest centimetre
measurements, followed by analysing the minimum parameter area (Ash) that needs to be
supplied for each joint spacing range based on the equilibrium enlargement of the concrete
compression percentage and the yield strength of steel. The formula, computational sequence,
microstructure interlock parameters, and these determination decisions are discussed in detail

with reference to the table at the end of the presentation.

12.1.7.1 Analysis of Maximum Spacing Limits Between Support Brackets (Smax)

Referring to the provisions of Section 18.7.5.3 of SNI 2847:2019, the maximum spacing
installation distance (smax) standard is rigidly limited by the extreme value parameter tested
from the smallest equation. The parameter limit setting is dictated by four specific tests that
prevent excessive loosening:

1. External Cross-Section Distance Testing (s1)

The spacing of transverse reinforcement bars shall not exceed a distance equal to one

quarter of the smallest cross-sectional dimension of the column (b/4). This is intended

to reduce the risk of longitudinal splitting in shear cracks.

2. Testing of Primary Reinforcement Bending Clamps (s2)
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The spacing must be limited to six times the diameter of the thinnest longitudinal main
steel reinforcement bar (6db). This empirical requirement maintains the partial
slenderness limit of D29 steel reinforcement at the axial yield point segment so that
buckling in the middle of the hoop bond range does not occur (Eulerian constraint
formula).

$2=6 X Dmain = 6 X 29 mm = 174 mm.

3. Special Control Value Testing of Parameters s, (s3)
The distance formula has been refined to accommodate the restraint between the legs.

SNI introduces a corrective calculation formula:

350—-h.
s0=100+T’“

with the restrictive clause that it must not be forced to expand beyond the static
upper limit of 150 mm and must not be forced to narrow beyond the working limit of
the assembler's hand of 100 mm. Here, hx represents the horizontal spacing of the
straight line between the points of the most widely spaced single-sided ring fastener
configuration in a single horizontal cross-section. In the 700x700 mm K1 column span,
which is covered with 40 mm skin in each direction and accommodates 20D29
reinforcement (6D29 on the outer perimeter side), it is estimated that the central spacing
to the reinforcement axis leaves a sequential axis-to-axis gap ratio ranging close to the
ideal partial spacing average of 140 mm to mm internally per reinforcement bar. For
example, in an asymmetric hx simulation:
Assume a moderate limit for large-dimension columns, hx = 140 mm. Entered into the

equation:

350—-140
3

so =100 + =170

Value of parameter s3 = 170 mm.

Combining the three absolute criteria restriction filters for highly crucial acquisition, a
conclusion was drawn to select the smallest distance result for risk mitigation:
Smax = min(s1, s2, s3)

Smax = min(175 mm, 174 mm, 170 mm)

Produces a span of smax = 170 mm as the tolerance value for the sparse spacing. Although
the code allows for a gap width of up to 15 centimetres at the plastic hinge, for the sake of

optimising the bearing capacity for public health critical facility redundant safety margins and
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extra resistance to dynamic shear resistance of tall buildings, a much more conservative
decision was made in this real analytical engineering design by adopting a spacer installation

distance of s = 100 mm as the benchmark for field fastener calculations.

12.1.7.2 Calculation of the Area of the Sengkang Absolute Containment (Ash)

After ensuring that the spacing is 100 mm (s = 100 mm), the design is guided by the
sharpening of the mass volume of the transverse ring steel cross-section, referred to as the
Horizontal Transverse Area (Ash) requirement. According to the mechanical design
regulations in SNI 2847:2019, Article 18.7.5.4, the total cumulative supply area of circular
cross-section steel sections that form the side reinforcement legs in the lo area is quantified
explicitly and must not fall below the highest value between the two empirical expansion
equations shown below. These two mathematical restraint models serve to complement each
other to compensate for two types of concrete column collapse degradation: shielding cracks
in the external protective concrete cover layer, and preventing the loss of composite column

axial cylinder support force due to fatigue strain deformation.

Preparation of core concrete boundaries confinement constants:
This variable analyses the depth of the steel reinforcement inside the section that must not be
bent:
. Net Width Range As-Lintang Side (bc)
This dimension is calculated as the linear distance between the central points of the
cross-sections of the core at each corner of the hoop reinforcement crossing the centre
of the concrete (centre-to-centre of the closed polygonal tie).
Given: Original total concrete width b = 700 mm, thickness of the outer insulator cover
layer ts = 40 mm, thickness of the hoop steel diameter dsengkang = 14 mm.
Therefore, the centre-to-centre (bc) is the full dimension after the outer cover is peeled

off and cut towards the centre of the cylinder core with a radius of the hoop.:
be = b - 2(ts) - 2=k
be = 400 - 2(40) - 2(=) = 606 mm

J Net Surface Area of Constrained Core Concrete (Ach)
Ach is the accumulation of the clean area of the outer boundary of the hoop

reinforcement, a parameter of the area of the vertical virtual compression floor slab
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surrounded by steel fencing (this area projects the crack-resistant concrete when
Poisson's ratio breaks). The range is measured to the outer edge of the cross-section of
the main hoop reinforcement (out-to-out of outermost hoop).

The side length is: x = 700 - 2(blanket) = 700 - 2(40) = 700 - 80 = 620 mm.

Because the cross-section is square:

Ach=x.x =620 mm x 620 mm = 384.400 mm?

The first step is to calculate the Compensating Equation for the Shear Layer (Equation
'a' - SNI): This primary equation is based on the concept that the volume of the restraint must
be accumulated in order to replace the reduction and loss of axial resistance due to the
deterioration or peeling of the entire outer skin of the thick concrete cover, ensuring constant

pure compression at the centre point.

Ashl = 0,30 x (%) X (AA_i - 1)

Substitute the set of variable parameters: medium-strength molten steel fyt 280 MPa,
high-quality concrete cylinder compressive strength f'c 35 MPa, pure solid gross cross-

sectional area 490,000 mm?, and stud spacing 90 millimetres:

Ashl = 0,30 < (90 X 606 X 35) (490.000 -1

280 384.400 ) = 561,83 mm”

The wide restraint requirement to anticipate the phenomenon of blanket cracking is at
least to achieve a total cumulative cross-sectional area of horizontal equivalent restraints of
561.83 mm>.

The second step moves towards the Computation of the Absolute Containment Equation
for the Basic Axial Solid Core (Equation 'b' - SNI): This adjacent equation is designed as a
safety belt for the minimum absolute boundary of internal compression cylinder core restraint,
which is empirically very important to supply when the gross total cross-sectional dimension
ratio (Ag) is not too large a difference from the opening cover area (Ach). This mechanical
equation does not consider the proportion of the outer decay ratio, but bases the ring mesh

area on the absolute compression density function.

Ash2=0,09 (*22)

fyt
Adopting the entire set of solid material parameters mentioned above, substituted into:
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Ash2 = 0,09 (Z22%E)

= 613,57 mm?

Providing a double safety limit, the absolute axial restraint requirement (Ash2) requires
a nominal cross-section of 613.57 mm?.

The determination of the absolute restraint (Ash required) is weighed based on the
highest result. Through empirical comparative testing, the absolute mandatory requirement
(Ash, required) is determined precisely by adopting the largest area (maximum bound
governing limit) from the two previous mathematical solution functions, such that:

Ash required = max(Ash1, Ash2) = max(561,83 mm?, 613,57 mm?).

The minimum final design area percentage value is confirmed to be squeezed into the

mandatory reliability limit position of the equivalent area = 613,57 mm?.

Implementation and Realisation of the Installation Configuration of Binding
Reinforcement (Actual Design of the Ash Cross Ring Formation)

Based on absolute calculations requiring a minimum supply of total shear steel cross-
sectional area of 613.57 mm?2 cutting across the square, the assembly of BjTP/BjTS cross-
ring steel reinforcement with a diameter of stirrups = 14 mm (steel quality 280 MPa) was
realised. Theoretically, the area of one ring cutting the vertical axis, for one solid round wire
palm of D14 threaded reinforcement, is estimated to be the normal single cross-sectional area
(Av, one foot):

Av, kaki = 0,25 x m x 14> =0,25 x 3,14159 x 196 = 153,94 mm?

In bearing a total volume of 613.57 mm?2, the system requires the installation of shear
tie legs or double horizontal cross ties (lap ties or cross ties). The estimated number of cross

legs (nfoot) is evaluated through simplifying the calculus for the linear matrix:

hrequired _ 613,57 mm?
Avfoot 153,94 mm?

Minimum foot target (n) = A = 3,98 foot

The theoretical real requirement figure approaches a satisfactory level of 4 fractions for
the static asymmetric design range. In field assembly engineering (detailing plan execution)
for a symmetrical box-shaped main steel geometry arrangement (containing multiples of 4

rows per side, or 16 perimeter reinforcements), universally, the most common configuration
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recommended by professional planners is to realise the installation of a double-layered cross-
belt type cross-brace configuration, consisting of 4-Legged Hoops (Ties) formations.

The actual configuration is implemented in the actual installation of 4 sections of cut
hoop sections (e.g. a combination of the main external hoop around the box added with two
diamond ties or two independent interior U-hoops that cross each other and interlace the steel
bars in the centre).

The computational control of the load-bearing capacity of the actual installed 4-Legged
Hoops ring installation (actual installed transverse area cross-section, Ash, installed) is
reformulated:

Ash, actual = number of cross-sectional bonds (n) x Av, foot

Ash, actual = 6 x 153,94 mm? = 923,64 mm?

Verify strain reserve capacity by comparing installed availability values with demand points:
Validation Requirements = Ash, actual > Ash, need

923,64 mm? > 613,57 mm?®

Based on the above comparison of values, it can be mathematically confirmed that the
design of the 6-foot diameter D14 closed Sengkang with a tight spacing of 90 mm (6-D14
@90 mm) is very stable, extremely safe, and successfully MEETS (OK) the SMF SNI
2847:2019 plastic bending resistance engineering rules. The entire record of this evidence is
recorded as neatly and clearly as possible in the verification matrix chart in Table 70 to be

forwarded to the field drafter inspectorate division.

Table 70 Recapitulation of the Calculation of the Sengkang Plastic Hinge Area (lo) Column

K1
Criteria / Basis Rumusan Extraction of Minimum Validation
for Parametrik Numerical Requirements Analysis
Examination Acuan Simulation Data Limit Status
gi’;lsf_nsuefﬁon min(b/4; 6Dmain; So) | min(175; 174; 150) | Must not SAFE, Used
Space (smax) SNI 18.7.5.3 mm = 150 mm exceed 150 mm | s =90 mm
Core Central Computa
Containment 700 - 80 - 14 =606 | Restraint -omputa-
D. . (b - 2 tS - dstin’ups) D tlonal
imension mm 1stance Available
Limit (bc) Indicator
Internal Cross- (b - 2 teover)? 620 x 620 = Anti-Splinter t(i:(;)rrllellll)uta-
Section cover 384.400 mm? Protection Area .
Available
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Criteria / Basis Rumusan Extraction of Minimum Validation
for Parametrik Numerical Requirements Analysis
Examination Acuan Simulation Data Limit Status
Boundary Area
(Ach)
Required SNI Article Construction
Containment max(561,83 mm?; | Required Quota
18.7.5.4, Select ) Tolerance

Area (Ash, . 613,57 mm~©) >613.57 mm2 )

. max(Equation a, b) Requirements
required)
Installed
Transverse Fulﬁlment of Installation of 4- 14 mm Applied 6-

) Latitude Area . diameter fin
Cross-Section . foot clamps cutting D14
) Requirements steel

Foot Design
Containment
Capacity Sum of Total Area | 6 feet x 153.94 923.64 mm2 > | Meets Requi-
Verification of Pieces (Legs) mm? = 923.64 mm?> | 613.57 mm?2 rements (OK)
(Ash, actual)

Table 70 above serves to reveal the fundamental rationalisation detailing the essence of
the binding hoop compression to the extent of a 90 mm spacing range in a 70 cm high pillar
corridor from the ceiling clamp supporting the beam plate in the hospital. The formulation of
a 4-layer 14 mm diameter threaded steel ring is a solid shield layer that minimises the

destruction of the main pillar evacuation corridor wall when hit by strong seismic waves.

12.1.8 Evaluation of the Reliability of Shear Capacity (Shear Evaluation on Plastic
Hinge) and the V¢ Philosophy

Guarding columns that bear post-earthquake rotational plastic moments requires
analytical proof that the super-tight reinforcement mesh (6-D14 (@ 90 mm), which is actually
designed to prevent the disintegration of the circular shell, and is also capable of taking over
the absolute structural task as a ring fence distributing horizontal shear fragments (diagonal
shear-tension struts). The nominal composite shear resistance force of this composite is
correlated with the lateral shear force demand (shear envelope limit demand) purely derived
from Vu structural mechanics modelling data, with a load of 446 kN.

The fundamental challenge in designing moment-resisting frame columns is to ensure
the stability of the remaining compression cylinder blocks of the base material—namely,
concrete paste (Vc)—in collaborating to counteract the shear earthquake fractures that

propagate through the diagonal fibre cracks in the cross-section. In accordance with the latest
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safety policy in Article 18.7.6.1 of the SNI 2847:2019 guideline, the passive shear resistance
of this concrete block is required to be released, isolated, and completely removed (i.e.,
forcibly set to a nominal value of Vc = 0 without residue), on the grounds of safety
considerations if the beam is extremely exposed to alternating bending stress exceeding the
rotational plastic hinge behaviour.

The elimination or nullification of the pure concrete resistance is only executed by SNI
regulations if, cumulatively, the collapse incidents exceed two critical risk thresholds that
occur simultaneously in the column body:

1. Risk Condition Indicator 1

The forced strength of the transverse cutting force from seismic collapse (Vsway)

decisively accounts for more than fifty percent of the dominant ultimate peak

earthquake thrust load. (= 0,5Vu).
2. Risk Condition Indicator 2

The static compression stress (Pu) of the gravity plate falls rapidly below the sensitivity

level of the aggregate fragment interlock micro-cracks. The risk threshold for

compressive slack is set at an absolute value of one-twentieth of the gross axial capacity,

. Ag fcr
or in other words Pu < io

For Column K1 of the hospital, which supports multiple layers of functional corridor
floor loads from medical equipment, the axial loading of Pu = 4,173 kN is particularly

significant. Let us extract this into the minimum aggregate crack limit calculation:

- . . Agfcr 490.000 mm?2 35 MPa
Threshold Limit of Compaction Stress Ratio = ‘20 = -

=857.500 N =
857,5 kN

Comparative Check of Axial Risk Evidence: Reviewing and comparing the gravity-
factored axial load (Pu = 4,173 kN) and juxtaposing it alongside the limit of the micro-
aggregate crack bond release (857.5 kN), a huge vertical stability differentiation gap was
revealed. The column proves the physical parameter 4.173 kN > 857.5 kN. Given that the
actual compressive load binding the structure within a constant clamping pressure enclosure
is four and a half times far beyond the fracture loosening hazard threshold limit, the concrete
cement aggregate blocks are certain to maintain a strong, unbroken "interlock" bond.
Consequently, the full contribution of pure concrete resistance (Vc) is officially and legally

recognised in mechanical jurisprudence as FULLY PERMITTED (EFFECTIVE) to
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participate in the formulation of anti-shear protection at the plastic hinge joints of this SMF
support.

Activating the passive shear formula that reflects the cutting force of non-prestressed
vertical elements heavily compressed by pure gravitational pressure. The contribution
strength of the cylinder baton matrix (Vc) is multiplied by the axial friction compression,

calculated according to the SNI 2847:2019 reference computational table in Section 22.5.5.1:

Ve=0,17 x (1 + 1}:‘;g) MWidbw d

Stages of physical variable derivation before execution:

. Power fraction boosts axial force compression coefficient (Kp)

_ Pu_ 4173.000N
14xAg 14x490.000 mm?2

. Double scale factor (1 + Kp) =1+ 0.6083 = 1.6083

Kp = 0,6083

. The engineering factor for the density of conventional dense normal strain modified
material (1) is set at 1.0.

. Radical modification scalar of the functional root of 35 MPa high-strength concrete
(Vfc)=+/35=5,916 MPa.

. The width of the cross-sectional area of the transverse reinforcement (bw) = 700 mm.

o The height scale from the centre point of the tensile reinforcement to the end of the
cylinder concrete neck (d) is calculated from a total height of 700 mm, trimmed to a 40
mm dust-free outer concrete cover, cut back by the width of the 14 mm diameter main
ring tie bar, and terminated at the centric point at one-third of the depth of the D29

primary threaded bar cross-section:

Dmain
2

defective =h - ts - dstirrups -

d=700-40-14-§=631,5mm

Total insertion calculation compiles nominal figures for the intrinsic shear capacity of cement:
Ve=0,17x1,6083 x 1,0 x 5,916 x 700 x 631,5
Ve =714.882 N = 714,88 kN

Revealing the remaining capacity of interlocking steel belt reinforcement (Contribution
of Transverse Reinforcement to Shear, Vs). The steel belt reinforcement hoop is designed as

a composite bond of 6 layers of 14 mm diameter rings, spaced at constant intervals of 90 mm:
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__Avfytd
s

Vs

It is known that the effective cross-sectional area challenging the saw line (Av) for 6-
foot parallel cross-sectional steel parallel to the transverse axis is 6 circular palms, which has

been evaluated to have a solid area of 923.64 mm?.

Vs = 2264 mm X200 MPAX LS N _ | 909.814,8 N = 1.209,81 kN

The total combined fusion set of the nominal resistance of the cut structure (Vn) produces
enormous capacity:

Vn=Vc+Vs=714,88 kN + 1.209,81 kN = 1.924,69 kN

In the forced castration protection function in the extreme SMF seismic shear design
regulation, the cross-section reduction jurisdiction standard sets a pure tolerance factor (¢)
limit of 0.75 (a twenty-five percent safety reduction that is forfeited in response to potential
casting defects in the connection):

Design Shear Capacity of Actual Fasteners (¢pVn):
¢Vn =10,75x 1.924,69 kN = 1.443,51 kN

Confirmatory Evaluation of Factual Integrity Challenging Lateral Failure of Earthquakes:
The external demand from the cutting load (Vu, bearing) was reported to be 446 kN.

Compare this absolutely with the 6-layer ring modified block shear defence wall. (¢p'Vn):
¢dVn =1.443,51 kN > Vu =446 kN

The difference in ratio illustrates the range of redundancy insurance coverage that
extends more than three times the limit of material fatigue failure. Therefore, it is announced
with a complete scientific guarantee that the dense Sengkang 6 Foot D14 mesh at a spacing
of 90 mm, which is embedded in the base of the plastic column joint at the K1 support, is
ABSOLUTELY PASSED AND SAFE. (FULLY MEETS STANDARDS) exceeding all SMF
SNI-2847 transverse force cutting engineering limits without any remaining deficiency gaps.
These test results are comprehensively highlighted in the data base of Table 71 so that the

syllogism flow is neatly arranged for cross-checking.

Table 71 Vu examination with $Vn
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Module Mechanical Formula E%fgl?lzgt;f)ln Verification of
Description Methodology and SNI Results Tolerance Limit Test
Shear Review 2847:2019 (kN) Information
External Shear | From simulation data output Performance Limit
Force at Support | of composite static beam 446 Reference Load
(Vu) structure models
gﬁiﬁie Ve=0,17 x (1 + Pure compression block
Contribution at Pu_\ 2 JFT Agfrc. | 714,88 matrix capacity (Vc
Core (Ve) 14 Ag) Afcbw d (Pu>—=-=) remains fully active)
Contribution of _ Avfytd . Steel pull-out force on
Ring Matrix YS s with a 6-layer 1.209,81 the core block
(Vs) ring formation D14 @90 mm resistance (> Vc)
Total Resistance Total accumulated nominal ggnili?ei? S?)ﬁfiance
. linear resistance (Ve +Vs) | 1.924,69 pactty 9
Integration (Vn) urelv unreduced Column Fibres
purely (Nominal Strength)
R fety F
Vandoion” | (Saty Reduction) druser = | $V0= | 144351 kN > 44600
(V> V) 075 Y geser 144351 | kN (VERY SAFE)

In the details of Table 71 matrix, the performance of this structural concrete material
component itself (Vc) actually places the resilience level at an impressive level; where, if
stripped of reinforcement, the unreinforced concrete, even when reduced by 0.75 (to + 536
kN), is still more resilient than the pure static shear threat of 446 kN. Nevertheless, the modern
seismic capacity design philosophy prohibits concrete from standing alone without additional
safety nets; the existence of a double reinforcement reserve value (Vs) of 1,200 kN creates
unmatched elastoplastic protection that tightly locks the molecular structure of essential

hospital architecture after natural disasters.

12.1.9 Engineering of Transverse Reinforcement Configuration in the Safe Zone of the
Field Area

The design examination shifts its observation parameters towards the middle heart
region of the column (field region). Along the range of the middle height limit of the column
outside the extreme safety boundary of 700 mm of the plastic support region (non-lo territorial
zone), the hierarchy of structural hazard threats shifts from the original facing of torsional
shear compression storms (plastic bending hysteresis), declining sharply to merely routine
distribution of conventional static uniform axial pressure loads and secondary diagonal cross-

sections. Due to the absence of inelastic spalling initiation of the protective cover expansion
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joint (spalling initiation) in this peaceful range, SNI 2847:2019 Article 18.7.5.3 rationally
relaxes the technical binding of the calculation parameters for the supply of Ash clamps, and
allows for the stretching of the hoop bond spacing interval to a multiple width ratio.

Shear checking of the field area begins with exploring the mapping of the pure capacity
of the cross-section. Referring to the previous evaluation matrix formulation in plastic
support, the intrinsic compressive shear capacity of concrete foundations under full static
cylinder pressure (intrinsic compressive shear capacity, Vc) is an unshakeable universal force
that has a constant value throughout the absolute height range of the pillar. The unreduced Vc
value stands at its peak, reaching an absolute value of 714.88 kN. Responding to this force
with a protective margin of cast reduction of the earthquake cross-section valued at ¢ = 0.75,
the modified concrete cylinder pure residual base defence limit (¢ Vc) is set at a total of 536.16
kN.

The transverse cutting load that theoretically passes through the application simulation
for the field dimension space (mid-height demand vector) recorded a record Vu cutting load,
field = 456.66 kN. Comparing the load point against this cement wall protector (456.66 kN <
536.16 kN) justifies a spectacular narrative from pure civil science: the contribution of the
mass of the 35 MPa compressed concrete paste gravel sand aggregate shield did not actually
require any reinforcement from wire mesh to remain intact from the transverse shear force of
the earthquake at this limit. Although empirical shear mechanics calculations require (Vs,
need = 0), advanced public safety regulations for hospital buildings in the design code
(hospital structural building code enforcement) do not allow a single point of vertical elements
to stand freely (unreinforced ties field element) in anticipation of uncertain weakening and
secondary longitudinal anti-spreading restraint.

To that end, SNI stipulates a mandatory geometric restriction for the installation of
standard secondary shear reinforcement (shear reinforcement spacing outside plastic hinge).
The spacing rules for steel reinforcement installation on the free segment outside the zone lo
are strictly limited so that they do not exceed or stretch beyond the smallest spacing range
taken from the comparison of two regular straight bar stability provisions (slenderness
stabilisation provisions):

1. Six Primary Vertical Diameter Repeats (6db)

Euler's buckling ratio formula (anti-outward vertical bar buckling constraint limit).

Calculated as the buckling stability limit of BjTS 550 reinforced steel columns with a

diameter of D29.

Calculate the spacing range: sfield1 = 6 X Dmain = 6 X 29 mm = 174 mm.
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2. Minimum Size Range for Absolute Cross-Stitch Work (150 mm)
Maximum tolerance for static field installation in a conventional SMF environment so
that the cross-sectional corridor block has uniform stiffness.

Calculation of boundary size: S“Teld = 150 mm.

Appeal Decision on Optimal Ratio Selection (Smax, field):

Smax, luar lo = mMin(174 mm, 150 mm) = 150 mm

Working in harmony to achieve maximum efficiency in the use of steel construction
materials without compromising earthquake safety, as well as maintaining the continuity of
symmetrical cast flow in the field zone (pour flow facilitation field zone), the installation
configuration follows the harmonisation of the reinforcement. The formation continues to
implement 6 Layers of BjTP/BjTS Cross-Braced Legs with a diameter of D14 (6-Legs D14),
with the widening of the span gap between the stretched belts distributed exactly at an optimal
economical precision spacing of 150 mm (s = 150 mm).

Analytical confirmation load for the integrity of the pure shear capacity resistance is
integrated into the total tension ring (¢Vn field):

Check the contribution of the open field:

Vs = 6x 153,94lxsz80x 631,5 _ 725,88 KN

Total combined corrected thrust capacity:

¢Vn=0,75x (Vc+Vs)=0,75 x (714,88 + 725,88) = 1.080,57 kN
The field cutting load (¢Vn = 1,080.57 kN > Vu, field = 456.66 kN) is within the
tolerance range, earning it a rating of very strong with absolute certainty. This validation

summary is documented concisely and clearly in Table 72.

Table 72 Shear Strength Test of Column Field Area (Outside)

Quantitative
Analytical Module Load Data Simulation & Evaluation of Absolute Stability
Field Review SNI Analysis Equivalent Performance Approval
Capacity
Dynamic Shear Force | Mechanical power demand of M‘P‘mum passive shear
. 456,66 kN resistance value
(W, field) mid-span plate structures
benchmark.
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150 mm)

mm

Quantitative
Analytical Module Load Data Simulation & Evaluation of Absolute Stability
Field Review SNI Analysis Equivalent Performance Approval
Capacity

Resistance of
Modified Solid Pu 7 ¢Vc independent in the
Cutting Pure Concrete 0,17 x (1 + 14 Ag) Wicbw d 536,16 kN central area > Vu, field
(¢Vo)
Minimum Limit of Review of outer Euler's Maximum VERY
Circumferential Cross- lasticity limit: min(6Dy clamp limit 150 SATISFACTORY (OK),
Belt Compaction pasticity ‘ i p Applied Sengkang per

Design Format

node point

quantity 6-D14

(Spacing s) 150 mm span.
Additional Lateral Continuous extension ofthe | Complete Pre\{ents secondary .
. . outer belt reinforcement closed clamp, vertical column buckling
Resistance Formation . . .
shape from the base joint foot type, during long-duration

earthquakes.

Total Nominal
Composite Shear
Collaboration Support
Capacity (¢Vc)

Complete calculation across
the entire neutral axis
elevation

1.080,57 kN

Field defence capacity
(1,080 kN) perfectly
dampens light lateral
earthquake forces (456
kN).

The detailed representation of parameters in the narrative set Table 72 provides final

confirmation of the rationality of the engineering design regarding the reduction in the spacing
of the cross-tie beams from the previous very close spacing of 9 cm to a drastically wider
spacing of 15 cm. The strength requirements have been brilliantly met by the pure resistance
of the gravity concrete block mass, while the presence of a 150 mm transverse iron network
serves merely as a double belt shield to restrain the rotational axis of the long-term curved
vertical pillars.

12.1.10 Detailed Requirements for Additional

Reinforcement and Practical

Construction Engineering Implementation (DED)

Designing on static analytical calculation sheets is merely a pseudo-architectural sketch
when the rules for its transfer into the field print space are not controlled by standard manual
installation guards (constructability implementation details). In accordance with the
instructions of SNI2847:2019 and civil engineering practice standards for upper-level seismic
vital hospital buildings, there are a series of hidden requirements for the distribution of
longitudinal iron and the adjustment of shear protection fastener curves that are mandatory
and must be included in the technical appendix of the Detailed Engineering Design (DED) for
field ironworkers so that the column design results have the calculated damping resonance,

namely:
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Restricted Connection Zones (Lap Splices Constraint Zones)

Assembling and connecting vertical BjTS 550 iron pillars with a diameter of 29
millimetres as high as a multi-storey building requires cutting the reinforcement and
weaving the patchwork beyond the cast per floor. SMF regulations strictly prohibit lap
splices continuity joints from overlapping, let alone overlapping, in the critical zone of
the plastic hinge (absolute territorial zone in the range of lo = 700 mm calculated
up/down from the edge of the beam foundation per level). All of these longitudinal lap
splices MUST be centred, pushed together, and cut at the midpoint of the free height of
the building in the central area of the pillar field zone, placed longitudinally and
overlapping each other in the middle of the floor pillar height at a safe elevation,
provided that the entire length of the tie-in is also fully chained by a tight tie-in guard
with a maximum constant spacing of 100 mm or even a margin width of 150 mm to
restrain the release of the friction bond.

Anchor Curve and Seismic Hook Radius Resistant to Shaking (135-Degree Seismic
Hoops Enclosure Hooks)

External circumferential tension rings (hoops) and internal diagonal twisted cross-
ties connecting (cross-ties) with a diameter of 14 mm BjTP 280 MPa must be
manufactured in such a way that they bend at the end of the break beyond the traditional
90-degree bend, but are forced to twist and bend 135 degrees at a full obtuse angle,
penetrating the dense concrete core blanket. The remaining extension of the pull-in arm
into the concrete (hook extension straight end tail) after this bend must extend at least
six times the length of the base clamp diameter (6 x stirrup diameter = 6 x 14 mm = 84
mm), practically at least 10 centimetres deep into the core, so that the hook frame
embraces the K1 reinforcement plate, preventing it from breaking, bending or fracturing
at the outer fatigue point when the outer skin of the cross-section is knocked off and
collapses onto the asphalt when high-duration vibrations hit the sliding support
structure.

Preservation of Anti-Corrosion Protection of Outer Protective Covering (Cover
Integrity Requirements)

As the main supporting pillar of the high-functionality surgical care facility
corridor, which is expected to remain sturdy for hundreds of years of operation, the
thickness of the pure protective skin covering the outer cast boundary is set at an
absolute thickness of 40 millimetres to protect the outer boundary of the belt. This

protective skin layer is not merely a cushion, but rather a fire-rated isolation cover
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protection shield that is resistant to thermal exposure and a rust chemical barrier
isolation shield that ensures the long-term resilience of the high-quality BjTS D29

inside.

12.1.11 Final Recapitulation of Overall Planning and Module Guidelines for Design
Recommendations (DED Profiling)

Breaking down all stages of the lengthy simulation process of manual mathematical
calculations for SMF column elements culminates in a comprehensive evaluation that
summarises every spectrum of analytical decision-making and empirical regulation. Starting
from tracing the dimensions of the giant 70x70 centimetre energy shock absorber, the
selection of a revolutionary combination of super progressive strong elastoplastic premium
grade 550 MPa steel in a constant 35 MPa medium concrete compression sleeve balance,
tracking and embracing the encirclement of the vertical load-bearing ratio distribution in a
highly dynamic safe biaxial curve with an elegant, uniform composition of 2.15%, to drive
the inelastic protection fence boundary at the top and bottom bases in a portion as tight as a
double cross-cylinder cross-brace with an interval distance of 9 centimetres, withstanding
plastic support explosions while stretching moderately in the relaxed breath of the central
support zone. This confirms the mathematical precision and functional maturity of the K1
hospital column construction, which virtually eliminates the risk of partial seismic collapse.

A final summary of the entire process of consideration and mechanical verification
above is carefully compiled in a comprehensive matrix format of the real reinforcement
structure identity profile as the basic foundation for technical casting execution guidelines
and handover of SNI-SMF standard feasibility documents. as outlined in the final summary
matrix in Table 73 below, to be transferred in its entirety to the detailed design mapping of the

working profile.

Table 73 Summary of Design Parameters for Final Reinforcement of Column K1 (700 x 700

mm)
Characterlstlcs of Specifications for Actual . .
Zoning Functional Basis Reference for
- Structural Assembly e
Configuration & . SMF Safety Validation
. Implementation
Core Materials

Base Load-Bearing | Concrete Matrix Cylinder with Provides a solid foundation for
Materials (Base Characteristic Compressive anti-creep assurance in Category
Composites) Strength f'c 35 MPa D hospitals
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Characteristics of
Zoning
Configuration &
Core Materials

Specifications for Actual
Structural Assembly
Implementation

Functional Basis Reference for
SMF Safety Validation

Installation of 16 D29 Diameter

Actual composite reinforcement

I&Z?ff}:rlcdiﬁals teel Ribbed Reinforcing Bars (High ratio is 2.157% (ideal tolerance
(Main Longi tudinal) Quality BjTS 550) around the limit > 1% and free of cast

perimeter

accumulation < 6%)

Restrictions on the

Stress transfer mesh for lap-

Eliminates density interference

gzﬁgg;Arz? splicing connection zone MUST | that triggers potential early
mndary be executed in the column field brittleness at the bearing joint
Splicing .
. half area location
Connections
Anatomy of the Aim for a Double Cross Leg (6- BjTP 280 reinforcement bars
Plastic Hinge Legs) Inner Ring Formation with | exceed the absolute friction
Support Belt (Area < | a diameter of D14 and a tight protection requirement of 613
lo =700 mm) spacing of s = 90 mm mm? to prevent cover cracking.
Anatomy of the Spacing the same formation with Meets the lqnggst safe threshold
. o for 6D longitudinal column
Field Zone a parallel composition (6-Legs) . e .
I . ) deformation stability restraint
Transition Belt D14 Diameter Cross Diagonal . . :
} . . . i (preventing Euler buckling) with
(Outside the lo Ring with a uniform spacing of s
_ super-strong total shear reserve
range) =150 mm

capacity > Vu field.

12.2 Planning of Column K2 (250x250 mm)

The structural identification in the design of this seven-storey hospital building places
Column K2, with cross-sectional dimensions of 250 mm x 250 mm, in a unique and crucial
position. Unlike Column K1, which functions as a pure moment-bearing frame component,
Column K2 is designed and cast monolithically integrated with the Shear Wall structure. In
the Special Moment Frame (SMF) configuration, the presence of columns integrated at the
ends of shear walls cannot be analysed as independent column elements that carry axial and
flexural loads separately, but must be treated as a single rigid lateral load-bearing system.

Based on the provisions of SNI 2847:2019 regarding specific provisions for structural
walls and earthquake-resistant truss beams, Column K2 in this structure functions as a
boundary element of the Shear Wall (SW). Mechanically, the area where the wall and column
meet at the ends of the shear wall span is where extreme compressive and tensile stress
concentrations occur due to cyclic earthquake loads. Therefore, Column K2 provides adequate
confinement to prevent buckling of the wall's vertical reinforcement and maintain the integrity
of the core concrete during large inelastic deformations. This role requires more stringent
reinforcement details than ordinary gravity columns, especially in terms of transverse

reinforcement spacing to ensure high ductility in the plastic hinge zone of the wall.
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As alogical consequence of this structural behaviour, the calculation and reinforcement
design procedures for Column K2 are not presented in this column design chapter. The cross-
section capacity analysis, longitudinal reinforcement requirements, and restraint
reinforcement details for Column K2 are calculated simultaneously with the shear wall cross-
section analysis. All technical calculation details, interaction diagrams, and boundary element
reinforcement details covering Column K2 are comprehensively described in CHAPTER XV
SHEAR WALL (SW) DESIGN. This separation of discussion is done to maintain the
consistency of the structural calculation flow, considering that the strength verification of
Column K2 is highly dependent on the internal forces acting on the entire shear wall cross-

section, not just on the column element itself.
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CHAPTER XIII
SLOOF PLANNING

In the structural system of the 10-storey Catenary Hospital, the sloof (foundation tie
beam) element plays a vital role as a lateral brace between columns at the base level and
transfers the wall load to the foundation. Given that this building is designed using a Special
Moment Frame (SMF), the planning of the sloof must meet strict ductility and deformation
compatibility requirements in accordance with SNI 2847:2019 Article 18. This chapter will

describe the analysis and manual calculations for two types of sloof, namely S1 and S2.

13.1 Planning for S1 Sloof (600x350 mm)

Sloof S1 is designed with a cross-sectional height (h) of 600 mm and a cross-sectional
width (bw) of 350 mm. These dimensions were selected based on the stiffness required to
withstand large bending moments caused by gravitational loads and earthquakes, as well as
to provide adequate anchorage for the column reinforcement. The analysis below includes
verification of dimensional requirements and calculations of bending, shear and torsional

reinforcement based on the forces in the structural analysis results.

13.1.1 Planning Data and Material Requirements

Before proceeding with the reinforcement calculations, here is a summary of the geometry,
material, and internal forces acting on Sloof S1. This data forms the numerical basis for all
calculations in subsection 13.1.

Geometry and Material Data:

J Block Dimensions (bw x h): 350 mm x 600 mm

. Clear Span (Ln): 6000 mm - 700 mm = 5300 mm

. Concrete Cover (dc): Bottom 75 mm (in contact with soil), Sides/Top 30 mm

. Concrete Compressive Strength (f'c): 35 MPa

. Yield Strength of Main Reinforcement (fy): 550 MPa (BjTS 550)

. Yield Strength of Stirrup Reinforcement (fyt): 280 MPa (BjTS 280)

. Main Reinforcement Diameter: D29

. Stirrup Reinforcement Diameter: D14

Based on the worst-case load combination envelope, the following forces are obtained:
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. Axial Compressive Force (Pu): 560.72 kN

. Maximum Support Moment (Mu,support): 461.1 kNm
. Maximum Field Moment (Mu,field): 373.65 kNm

. Maximum Shear Force (Vu): 592.8 kN

. Factored Torque (Tu): 117.64 kNm

The first crucial step is to determine whether Sloof S1 is designed as a flexible
component (beam) or a component that receives significant axial loads (column). Referring
to SNI 2847:2019 Article 18.6.2, structural components can be designed as SMF flexible
components if the factored axial compressive force Pu does not exceed 0.1 x Ag x f'c.

Ag=350x 600 =210.000 mm"2
Limits of Pu=0,10 x Ag x fc=0,10 x 210.000 x 35 =735.000 N = 735 kN

Since Pu = 560.72 kN < 735 kN, Sloof S1 is categorised as an SMF Flexural Structural
Component (Beam). Although there is a significant axial compressive force, this element is
still dominated by flexural behaviour. This axial compressive force will provide an additional
benefit to the concrete shear capacity (Vc), but the ductility analysis still refers to the beam

requirements (Section 18.6).

350

600

Figure 39 Cross-Section Sloof S1 350x600
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13.1.2 Calculation and Analysis of Flexural Reinforcement

Flexural reinforcement calculations are performed based on the ultimate capacity design
principle. In accordance with the design decision to simplify implementation in the field and
avoid reinforcement placement errors, the amount of reinforcement will be standardised
between the supports and the field, as well as between the top and bottom sides, taking the

maximum requirement into account.

13.1.2.1 Determination of Effective Height (d)

Due to the different concrete cover conditions (bottom 75 mm, top 30 mm), a
conservative average effective height is used or the worst-case scenario (bottom side) is

considered. The value of d for tensile reinforcement (bottom side, 75 mm cover):

db()tt()m = h - dC - (Dstirrups - %@main = 600 - 75 - 14 - 14,5 = 496,5 mm

Value d for compression reinforcement (top side, 30 mm cover):
dtop =h- dC - Q)stirrups - % Q)main =600-30-14 - 14,5 = 541,5 mm

For design safety, a smaller d value is used in the reinforcement requirement calculation,

namely d =496 mm.

13.1.2.2 Calculation of Maximum Reinforcement Requirements

The greatest design moment occurs at a positive bearing of Mu =461,1 kNm
Flexural strength reduction factor (¢) = 0,9.

Calculating the moment resistance coefficient (Rn):

- Mu
¢ xbx(d)?

461,1x (10)°
Rn= (10)

= oo a0 wavay ~ 95 MPa

Calculating the reinforcement ratio is necessary (p required):

0,85x frc 2 xRn
p="2Xy - 1 -
fy 0,85 x frc

_ 0,85x35
420

2x5,95
0,85x 35

x(1- |1 -

=0,0160

Required reinforcement area (As, required):
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Asrequired=pxbxd=0,0160 x 350 x 496 = 2.777 mm"2

13.1.2.3 13.1.2.3 Selection of Reinforcement Configuration

Reinforcing bars with a diameter of 29 mm (D29) and a cross-sectional area of Ab = 660.5

mm? were used. Number of bars required:

2.777
n=——=42=5
660,5

Due to the very high torque (117.64 kNm), additional longitudinal reinforcement was required
to resist the torsional components. It was therefore decided to use 5 D29 for the top

reinforcement and 5 D29 for the bottom reinforcement.

Reinforcement spacing check (width 350 mm)

Sutear = 350 — 2(40) —42(14) -5(29) _ 24,25 mm

Flexible Design Decisions:
. Upper reinforcement: 5 D29 (As = 3,302 mm?)
J Lower reinforcement: 5 D29 (As = 3,302 mm?)

J The actual moment capacity (Mn) with 5 D29 far exceeds Mu 461.1 kNm, making it

safe.
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Figure 40 Sketch of S1 Sloof Reinforcement Section
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Figure 41 P-M Interaction Diagram Chart

13.1.3 Shear and Torsion Analysis

One of the main challenges with Sloof S1 is the significant compatibility torque (117.64 kNm)
combined with high shear forces. Based on SNI12847:2019, shear and torque interactions must

be calculated simultaneously.
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13.1.3.1 Check Torque Threshold (Tth)

Torque can be disregarded if Tu < 0Tth.
Acp=350 x 600 =210.000 mm"2
Pcp =2(350 + 600) = 1.900 mm

2
Tth =0 x 0,083 x A xVfc x%

(210.000)?

Tth=0,75 x 0,083 x 1,0 x V35 x = 8,54 kNm

Since Tu (117.64) > Tth (8.54), the effect of torsion must be taken into account. The concrete

cross-section is expected to experience torsional cracking, so closed hoops and additional

longitudinal reinforcement are required..

13.1.3.2 Verification of Concrete Cross-Sections (Shear + Torsion)

This verification was carried out in detail to ensure that the 350 x 600 mm cross-section
dimensions were capable of withstanding forces without experiencing web crushing. First, the
geometric properties of the stirrups were calculated based on the planned concrete cover.

. Width (bw): 350 mm

. Height (h): 600 mm

. Clamp diameter (ds): 14 mm

J Clearance (cc): Bottom 75 mm; Left/Right/Top 30 mm.

Calculating the centre-to-centre dimensions of the outermost clamp (x1 and y1):
o x1 (Effective width) = bw - 2(cside) - 2(ds/2) =350 - 2(30) - 14 =276 mm
o y1 (Effective height) = h - Cbottom - Ctop - 2(ds/2) = 600 - 75 - 30 - 14 = 481 mm

From these dimensions, the equivalent hollow cross-section parameters are obtained.:
J Area covered by Sengkang (Aoh)

Aoh=x1xyl =276 x481 =132.756 mm"2
. Tour of Sengkang (Ph)

Ph=2(x1 +yl)=2(276 +481) = 1.514 mm

Cross-sectional adequacy checks are performed using the interaction equation SNI 2847:2019

(22.7.7.1);
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j( Vu )2 + ((T“)X(ph))z <0 (——+0,66x Vi)

(by) xd 1,7 X Agh (bw) xd

If full elastic torque Tu = 117.64 kNm is used, calculations show that the cross-section
will fail (LHS > RHS). However, since this torque is classified as compatibility torque (arising
from the compatibility of indeterminate structural deformation, not pure static equilibrium),
SNI 2847:2019 Clause 22.7.3.2 permits a reduction of Tu to the torsional crack moment limit.
This is because after cracking, the torsional stiffness will decrease and the internal forces will
be redistributed to other flexible components. Therefore, Tu for the design is reduced to

Tu,red:
2
Tu,red==0x 0,083 x A xVfc x %

(210.000)?

Tu,red == 0,75 x 0,083 x 1,00 xv35 x =34.000.000 Nmm = 34,0 kNm

Final verification was performed using Tu,red = 34.0 kNm and Vu = 592.8 kN.
Left Section Calculation (LHS - Load-induced Stress):

o Komponen Geser

Vu _ 592.800
bwxd 350x 496

=3,41 MPa

o Komponen Torsi (Tereduksi)

Tu,redxPh _ 34.000.000x 1,514
1,7 x (Aoh)? 1,7 x (132.756)2

= 1,72 MPa

e  Total LHS =./(3,41)2 + (1,72)2 = 3,82 MPa

Right Hand Side Calculation (RHS - Maximum Capacity)

Concrete shear strength Ve (taking into account axial compression)

Pu
14 x Ag

Ve=0,17xAxVfcxbwxdx (1 + )=207.753 N

Then the permissible voltage limit

RHS = q)(bv‘v"; ~+0,66 x Vfc)
RHS = 0,75 X (-~ + 0,66 x V/35) = 3,825 MPa

Conclusion: Since LHS (3.82 MPa) < RHS (3.825 MPa), the cross-sectional dimensions of
350 x 600 mm are declared to MEET THE REQUIREMENTS (OK) for withstanding the

Author: Yoda Karunia Kuntoro, B.Eng.



289

combination of shear and torsional forces, provided that the torsional moment is redistributed

in accordance with SNI provisions.

13.1.3.3 Transverse Reinforcement Calculation (Sengkang)

The calculation of the reinforcement bars is based on Vu = 592.8 kN and Tu,red = 34.0 kNm.

Atotal:ﬂ_i_zxﬂ
N S S

. Shear Contribution (Vs)

Vs = _ve=228_707,7=5827kN
(0] 0,75

Shear reinforcement requirements (Av/s)

Av Vs _ 582700
S fytxd 280x 496

= 4,20 mm?*/mm

J Torque Contribution (Tn)
Using Tu,red = 34,0 kNm.
Tn =34,0/0,75 = 45,33 kNm

Torsion reinforcement requirement (At/s) per foot:
At Tn
S 2 x Ao x fyt x cot45

At 45.330.000
S 2x(0,85x132.756)x280x 1

=0,72 mm”"2/mm

J Total Requirements for stirrups

Total reinforcement area per mm spacing:

(Atotal) =420 +2(0,72) = 5,64 mm”"2/mm
need

N

If using D14 clamps (Abar = 154 mm”2):
For a 3-foot trestle (3 legs):

_ 3x154
5,64

=81,9 mm — 75 mm
These results are consistent with the initial plan. The highly dominant shear force (Vu)
requires high stud density in the bearing area. Shear-Torsion Design Decision (Studs):

e < Support area (h from column face): D14 - 75 mm (3 feet/legs).

e + Field area: D14 - 125 mm (2 feet/legs).

e + Hoops must be of the closed type with earthquake hooks 135°.
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13.1.3.4 Additional Longitudinal Reinforcement for Torsion (Al)

A1=£XPhXMXCOt29
s fy

Al=0,72x 1,514 x%x 1 =726 mm”2

Waist Reinforcement Decision: Two waist reinforcements are installed on the left and right

sides. Used: 2 D19 (Left) + 2 D19 (Right).

350 mm
135" SEISWNC HOOKS =
WITH 2600 EXTENSION =r §
Dt TRANSVERSE REINFORCEMENT (| - p1e TRANSVERSE
75 mm i3 L£6S) = " REINFORCEMENT @
14, INTERNAL OVERLAPPING TIE g 125 mm cic (2 LEGS)
3LEG CONFIGURATION
135° SEISAIC HOOKS
WITH 26db EXTENSION A &
MID-SPAN REGION (LAPANGAN)
ST ——— CONFINEMENT ZONE- MID-SPAN ZONE
D14 @ 75 mm {3 LEGS) /" D14 @ 125 mm 2 LEGS)

ki |

(AT
T

CRITICAL CONFINEMENT LENGTH
LONGITUDINAL ELEVATION: SHEAR REINFORCEMENT DISTRIBUTION

Figure 42 Details of Sliding Reinforcement (Sengkang) and S1 Sloof Hooks

.

13.1.4 Conclusion on S1 Sloof Reinforcement

Based on the above manual calculation analysis referring to SNI 2847:2019, taking into
account the seismic load (SMF) and the dominant shear-torsion interaction, the following are
the final reinforcement details for Sloof S1 (350x600 mm). These details apply uniformly

throughout the span for practicality of implementation and maximum safety (envelope

design).
Table 74 Conclusion of S1 Sloof Reinforcement
Re1nf01:c.ement . Type of Specification Description
Position Reinforcement S

Upper Main Tension/Compression

Reinforcement | Reinforcement > D29 Install 1 layer
Lower Main Tension/Compression

Reinforcement | Reinforcement > D29 Install 1 layer
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Reinforcement Type of Specification Description
Position Reinforcement S Pt

Waist . . 2 pieces per side (left &
Reinforcement Torsion/Shrinkage 4DI19 right)

. Closed type (hoops), 3 legs,
Support Brace Shear/TQrswn/ D14 -75 mm | 1200 mm long from the

Constraint
column
Field Brace Shear/Torsion gg - 125 Closed type (hoops), 2 legs
Detailed Notes:

1. The lap length (Idh) for D29 reinforcement at beam-column joints must meet the SMF
requirements (Section 18.8.5), which is a minimum of 1,200 mm or calculated based on
the fy and f'c formula.

2. All stirrups must have a 135° seismic hook with an extension of 6db (84 mm) or 75 mm
into the concrete core.

3. 75 mm stirrup spacing must be installed 2h (1,200 mm) from the column face at both
ends of the span.

With the above configuration, Sloof S1 is declared SAFE and meets the strength and

serviceability requirements for the 10-storey Catenary Hospital structure.

13.2 Planning for S2 Sloof (400x250 mm)
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CHAPTER X1V
CAP PILE FOUNDATION PLANNING

14.1 Perencanaan PC1

Foundation planning for critical healthcare facilities, such as the seven-storey hospital
building analysed in this report, occupies the highest hierarchy in structural reliability
engineering. The hospital building is classified as Risk Category IV, which requires the
highest seismic priority factor, where the functionality of the building must remain operational
after a strong earthquake. The upper structure of the building is designed using a Dual System,
a seismic force resistance system that combines the spatial rigidity of Shear Walls with the
flexible ductility of a Special Moment Frame System (SMF). The mechanical implementation
of this Dual System will present a very specific engineering challenge at the sub-structure
level: portal columns and shear wall boundaries will transmit massive axial force
accumulation, accompanied simultaneously by very large orthogonal overturning moments
due to lateral base shear forces from seismic excitation.

This subsection will describe, explore, and comprehensively explain the methodology
and stages of manual calculation of foundation elements in withstanding these extreme force
combinations. The analysis focuses on Pile Cap 1 (PC1) and the bored pile foundation system
that supports it. The entire design and numerical evaluation process in this document strictly
complies with the design specifications for flexural and shear elements stipulated in SNI
2847:2019 concerning Structural Concrete Requirements for Buildings, a national adoption
based on ACI 318-19. The calculation approach was carried out through analytical mechanical
analysis without using simplifying assumptions that could reduce the reliability of the
structure, to ensure that the required integrity and global safety factors were met with
precision.

The selection of bored pile foundations in this design is based on the stratigraphic
characteristics of clay to a depth of thirty metres and the absolute requirement for very high
axial bearing capacity. In addition, the construction of hospital facilities has very strict
tolerances for immediate settlement and differential consolidation settlement in order to
protect the sensitivity of medical gas piping, high-precision utility installations, and the
smooth operation of diagnostic equipment. Therefore, the pile tips are definitively planned to
rest on hard soil formations or primary bearing layers at an elevation of -30.00 metres from
datum. This comprehensive analysis will include determining the optimal cross-sectional

dimensions and length of bored piles, modelling pile group configurations, checking the
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geotechnical bearing capacity of the tip and sheath, evaluating the resistance of plate elements
to two-way shear and one-way beam shear, and engineering flexible reinforcement using

high-grade steel reinforcement material (Grade 550 MPa).

14.1.1 Description of Design Parameters, Loading, and Material Characteristics

The most fundamental and critical step in the design of foundation structures in civil
engineering applications is to determine the internal force parameters and material
specifications that accurately represent the actual conditions and project constraints. Errors or
excessive simplifications at this stage will propagate exponentially in subsequent design
phases. The input data extracted for this PC1 planning is the output result of a static structural
computational analysis. The load taken represents the accumulation of support reactions
transmitted by a 700 mm x 700 mm structural column cross-section to the pile cap base
interface level located at an elevation of -1.00 metres.

The pure axial compressive load acting centrally at the column and pile cap interface
level is set at 4173 kN. This value is formulated as a static representation that forms the
absolute basis of all axial equilibrium analyses in this report. It is important to note and
emphasise that this axial force value does not yet take into account the structural strength
factor (£2y) that is commonly applied in the design of elements that are required to remain
elastic during an earthquake. In accordance with the planning specification limits, all stages
of element capacity and bearing capacity calculations will be calibrated directly to the pure
axial force of 4173 kN.

In addition to the axial load dominance caused by the cumulative dead and live loads of
the seven floors of the heavy building, the three-dimensional model analysis due to seismic
excitation lateral forces produced overturning and shear load parameters at the base of the
structure's clamp. The overturning moment acting simultaneously on two main orthogonal
axes 1s defined equivalently as 662.32 kNm for the X direction (Mx,raw) and 495.10 kNm for
the Y direction (My,raw). This biaxial moment will result in pressure differentiation at each
pile point in a group, causing one side to experience extreme compressive load addition, while
the other side has the potential to experience stress load relief or even uplift force. This
foundation system is also required to have sufficient shear resistance capacity to accommodate
and distribute lateral base shear forces (Vraw) of 456.66 kN to the bearing soil layer below.

The specified characteristics of reinforced concrete reflect the modernisation of high-

rise building construction practices. The concrete used includes the normal heavy concrete
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category with a characteristic cylinder compressive strength parameter (fc') of 35 MPa. The
use of relatively high-quality concrete for these foundation elements is strategically designed
to ensure the reliability of the concrete matrix's shear capacity in resisting the highly critical
shear forces on thick pile caps, without having to rely too much on the installation of shear
connectors, which are very difficult to execute.

As a high-stiffness flexible plate element, the pile cap will be configured using D29
diameter threaded steel reinforcement with a very high yield strength, namely fy = 550 MPa.
The application of Grade 550 steel specifications according to SNI 2847:2019 is a crucial
breakthrough. Traditionally, 400 MPa and 420 MPa grade steel have dominated the market,
but the use of 550 MPa steel in building foundations subject to significant flexural forces can
significantly reduce the required reinforcement area. The advantage of this is that it minimises
the phenomenon of congestion or accumulation of intersecting flexural reinforcement in the
column-foundation joint area, allowing for perfect concrete aggregate penetration during
casting and avoiding the formation of honeycombing, which reduces the service life of the
structure. For transverse reinforcement, shrinkage reinforcement, and tie bars, the design
adopts D16 threaded steel with a physical yield strength of 280 MPa. The clean concrete cover
thickness (cc) is set at 75 mm, which is the minimum thickness limit required in the SNI
2847:2019 guideline for concrete cast directly above the ground or permanently exposed to
contact with soil moisture, intended as passive anti-corrosion protection for the steel matrix.

The geotechnical profile of the site is represented by a layer of clay soil that is
analytically assumed to be homogeneous from the depth of the pile cap base at an elevation
of -1.00 m to the depth of the drill pile tip at an elevation of -30.00 m. Soil investigations
indicate that the groundwater table (GWT) is at a shallow depth corresponding to the pile cap
base elevation of -1.00 metres below datum. These saturated soil conditions require all volume
weight analyses to use the saturated soil volume weight (ys4¢), Which is recorded at 17 kN/m?,
with the water volume weight (y,,) at a hydrostatic constant of 10 kN/m?. Within the
framework of soil mechanics, full saturation conditions cause clay soil parameters to be
dominated by undrained behaviour.

The bearing capacity of the soil was extracted from two types of in-situ and laboratory
testing methods. Cone Penetration Test (CPT) data recorded an average cone tip resistance
(qc) value of 22 kg/cm? at the strata where the piles were located. In parallel, the soil friction
parameter is described through the Adhesion Resistance Value (JHP), which records an
accumulated friction value of 2,184 kg/cm. As a comparison to the pure cohesive parameter

obtained from the triaxial loading test, the undrained cohesion value (Cu) of the clay is defined

Author: Yoda Karunia Kuntoro, B.Eng.



295

at 27.5 kPa. Considering the uncertainty of the homogeneity of the deep clay soil, the

dynamics of seasonal groundwater levels, and the potential for clay remodelling during the

pile drilling process, the design specifies a Global Safety Factor (SF) of 4.0. This figure is

absolutely more conservative than the conventional standard of 2.5 to 3.0, reflecting a high

level of caution for buildings in the essential medical risk category.

Table 75 PC1 Foundation Planning Data

Mechanical and

Additional Information /

Geotechnical Parameters Symbols | Value Unit Specifications
Design Axial Compressive Static analysis extraction
Force of Columns Praw 4173 kN without 2,

].31ax1a1. T0r§10nal Moment Mxraw | 662,32 KNm Lateral force projected onto

in X Direction the base support

Biaxial Torsional Moment Orthogonal moment of the

in Y Direction My.raw | 495,1 KNm Double System

Maximum Base Shear Force | Vraw 456,66 kN Total horizontal reaction of

the structure

Compressive ‘Strength of fe 35 MPa qumal concrete, high pons

Concrete Cylinders resistance

Y1§1d Strength of Flexural fy 550 MPa D29 profile rib/thread

Reinforcement reinforcement

Sh@ar Yield Strength of fys 130 MPa D.16 profile rib/thread

Reinforcement reinforcement

Clean Concrete Cover ConcreF ccorrosion

. cc 75 mm protection in contact with

Distance soil

Soil Resistance Safety Mitigation of vital building
SF 4 - .

Factor deformation risks

Cone Penetration Test Tip , | Elevation reading value (-

Resistance q° 22 kg/em 30.00 m)

Cumulatlve Adhesion THP 2184 ke/cm Tot‘al CPT sheeting shear

Resistance resistance value

Undrained Clay Cohesion Cu 27,5 kPa Pure clay stress conditions

Groundwater Level (GWL) | GWT -1 meter E:g:ﬂel contact with pile cap

Weight of Saturated Soil Ysat 17 kN/m? Overburden soil load

parameters

14.1.2 Bore Pile Dimension Design and Geotechnical Bearing Capacity Analysis

The quantitative engineering process begins with designing the configuration and

dimensions of a single bored pile. In the parameter instructions, the pile diameter is freely

designed proportionally. The decision to determine the pile diameter involves multifaceted

considerations between the limitations of rotary drilling rig technology, vertical force
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transmission efficiency, and the provision of sufficient flexural stiffness to prevent lateral soil
deflection due to the transition from the Vraw base shear force (456.66 kN).

If the pile diameter is chosen to be too small (e.g. 400 mm), its end bearing capacity
will decrease drastically based on its geometric square, forcing designers to place dozens of
piles in a single column formation. This multiplication of the number of piles conflicts with
the required spacing between piles, which will inevitably inflate the cross-sectional
dimensions of the pile cap to irrational and flexural failure-prone levels. Conversely, selecting
enormous dimensions (e.g. exceeding 1500 mm) will provide enormous capacity but invite
complications in the stability of the bored wall and inflate concrete material costs
unnecessarily. Addressing the column load spectrum of 4173 kN, this design formulates and
sets the nominal diameter of the bored pile (Dpile) at 800 millimetres (0.80 metres). This 800
mm dimension balances an adequate end cross-sectional area with a proportional adhesive
jacket circumference.

Conceptually, the ultimate axial bearing capacity of a deep foundation pile (Qult) is
produced from the superposition mechanism of the resistance of two soil elements: the
ultimate end bearing capacity (Qp) and the ultimate skin friction capacity (Qs). This capacity
calculation is analysed based on the interpretation of Cone Penetration Test (Sondir)
instrument data, which is extensively recommended and adopted in conventional geotechnical
practice standards in Indonesia for uniform layer formations.

The pile tip bearing capacity (Qp) analysis is calculated empirically based on the cone
tip resistance value (qc) read precisely at the elevation depth of the pile base, which is -30.00
metres. Based on field data, the measured qc value was 22 kg/cm?. This figure classifies the
formation at that depth as very stiff clay or medium sand capable of supporting base pressure
energy. Since mechanical calculation standards require the use of International System (SI)
units, this resistance value needs to be converted from mass units to a representation of
compressive force.

In standard stress physics conversion precision, the equivalent gravity constant is
evaluated at g = 9.81 m/s?. By projecting the area ratio to square metres:

1 kg/cm? = 10.000 kg/m? x 9,81 m/s> = 98.100 N/m? = 98,1 kPa.

With this equivalence factor, the value of qc =22 kg/cm? is translated exactly into an effective
soil bearing stress of:

qc =22 x 98,1 kPa = 2158,2 kPa (atau kN/m?)
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To find the nominal support style, the effective stress of the cone is applied to the
projected area of the base cross-section of the 800 mm diameter bored pile. The cross-

sectional area of the end bearing (Ap) is determined by the circle area equation.:

Ap = (0.25)(71)(1),9%)2 =(0.25)(3,14159) (0,80 m)?> = 0,50265 m>

The product of the geotechnical bearing pressure and the cross-sectional area produces the
ultimate bearing capacity(Qp):
Qp =qc x Ap =2158,2 kPa x 0,50265 m? = 1084,83 kN

The bearing capacity of approximately 1084 kN proves that the end bearing of the pile
in this layer is not dominant, representing the characteristic nature of friction piles in thick
homogeneous clay deposits.

The most dominant geotechnical resistance component in this soil configuration is the
friction bearing capacity (Qs). This resistance is evaluated theoretically by adopting the
cumulative instrument reading method, namely the Total Adhesion Resistance (JHP) value.
The SRR parameter represents the integral of the local sleeve friction (fs) from the point below
the surface to the maximum penetration elevation. The sounding notes indicate an
accumulation of adhesive resistance of 2,184 kg/cm for the span from the base of the PCI
foundation (-1.00 m) extending to the final depth of the bored pile at an elevation of -30.00 m
(representing the actual pile length L = 29.00 metres).

In order to be mobilised in the bearing capacity equation of a pile with a real diameter,
the value of the adhesion resistance based on the circumference of this standard sounding tool
must be projected and distributed in proportion to the expansion of the contact perimeter
(circumference) of the planned full-size bored pile. The absolute circumference of the
cylindrical cross-section of the pile (Opile) is extracted:

Opile = T X Dpitle = 3,14159 x 80 cm = 251,327 cm

The theoretical friction resistance force (Qs) is the product of the ratio between the CPT
adhesion resistance constant and the projected outer circumference of the bored pile.
Continuing the normalisation process into force metrics (kN) using the same gravity
conversion constant (1 kg weight = 0.00981 kN):

Qs =JHP x Opile x 0,00981 kN/kg

Qs =2.184 kg/cm x 251,327 cm x 0,00981 kN/kg = 5384,65 kN
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As part of engineering prudence, a semi-empirical analytical method based on
undrained clay cohesion parameters (Alpha Method) was performed as a comparative
calibration. The data shows that homogeneous clay has a uniform undrained shear strength
parameter Cu = 27.5 kPa. In the stratigraphy of soft to medium cohesive clay soils, the
correlative adhesion factor between concrete walls and clay () is generally distributed close
to a value of 1.0 according to API and Kulhawy research guidelines. The equivalent friction
capacity using the unified shear stress formulation is estimated:

Qs(Cu)=a x Cux (r x Dpile x L)

Qs(Cu)=1,0x 27,5 kPa x (m x 0,80 m x 29,00 m) =2004,3 kN

There is an extreme divergence between the friction style resulting from the in-situ CPT
test (5384.65 kN) and the single laboratory theoretical Cu parameter estimate (2004.3 kN).
This double gap is not an anomaly, but rather purely validates the effective stress
phenomenon. The cohesion value of clay from a single laboratory Cu test of 27.5 kPa most
likely only captures the cohesion characteristics of shallow samples without being able to
represent the trend of increasing undrained shear resistance as the effective vertical
overburden pressure (g,,) increases in thick clay layers to a depth of 30 metres. The JHP
instrument data measures resistance instantly and interactively at every fraction of a
centimetre at in-situ depth, naturally recording this increase in effective stress. Based on these
technical arguments, the quantification approach of CPT (JHP) is maintained as a much more
factual analytical foundation that represents the actual engineering conditions of soil
interaction.

The total ultimate axial bearing capacity (Qult) for each individual pile is formed
through the combination of load components:

Qult=Qp + Qs

Qult = 1084,83 kN + 5384,65 kN = 6469,48 kN

In geotechnical planning, the ultimate force that penetrates the collapse phase must not
be partially affected by the structural load configuration. To ensure safety factors in preventing
plastic foundation collapse and mitigating underground implementation anomalies such as

mud inclusion, the allowable bearing capacity (Qall) is determined by reducing the ultimate
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capacity by the Safety Factor variable. As instructed by the criteria data, the SF value is set
very conservatively at 4.0.
Qall _ Qult _ 6469,48 kN
SF

The bearing capacity of Qall = 1617.37 kN is claimed to be the threshold service

=1617,37 kN

capacity of a single 800 mm column in absorbing static axial transmission and structural

moments of the building.

14.1.3 Analysis of Column Group Layout Configuration and Double Axis Load
Distribution

After certifying the structural strength of individual piles, the engineering focus shifted
to conceptualising the pile group geometry layout and observing the reaction resistance
distribution matrix at each pile point in conjunction with asymmetric intervention from multi-
axial load combinations. Determining the coordinate geometry of the piles requires a holistic
approach to synergise two technical considerations: spacing the piles to eliminate overlapping
stress bulbs between piles (group effect), and on the other hand, reducing the distance between
piles to avoid inefficient pile cap dimensions and massive self-loading.

The proportionality requirements for the layout have been explicitly quantified in the
planning data instructions. The orthogonal spacing between pile centres (spacing, S) is set at
3.5 times the nominal pile diameter (3.5D). At the same time, the projection span of the outer
pile cylinder centre extends straight towards the outer perimeter edge of the pile cap (edge
distance, E) and is standardised at 2.5 times the pile diameter (2.5D). This substantial edge
distance is a vital prerequisite for securing the concrete matrix from potential edge breakout
when the pile group distributes the base shear force (Vraw = 456.66 kN) and accumulates,
pushing the edge of the slab foundation towards the passive soil.

Through parametric substitution of the selected diameter Dpile = 800 mm, the spatial
metrics of the foundation layout are obtained:

J Centre-to-centre spacing between piles, S = 3.5 X 800 mm = 2800 mm = 2.80 metres

. Edge of pile cap peninsula, E = 2.5 x 800 mm = 2000 mm = 2.00 metres

The determination of the estimated quantity of pile foundation points (n) is framed at

the outset by the direct ratio of the cumulative centric compressive force of the building to the

e : . o . . P, 4173
individual vertical load of the pile. Initial evaluation shows a requirement of % “ T~
all .
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2.58. This figure of 2.58 piles indicates that the absolute system requires no less than 3 support
points. However, the load does not only act centrally in the direction of gravity. The dual-
system structure design creates bending moments in both the X and Y axis orientations, which
requires a symmetrical radial arrangement to stabilise the balance and lock the rotation of the
pile cap. Based on the principles of symmetry and rotational equilibrium mechanics, it is
formulated that the pile group system will utilise a 4-point square pile formation (2x2
configuration).

The geometric reconstruction of Pile Cap PC1, following the square point configuration
above, is defined symmetrically for both the width of the X-axis and the width of the Y-axis.
The absolute width (B) and length of the plane (L) are formulated as follows:

B=L=S+2E=2,80m+ 2(2,00 m) = 6,80 meter

= 6800 mm (6.8 m) i
Y-A‘X'S PILE CAP BOUNDARY
i
rﬁ@."ﬂ@@l‘)_. JOOMDL.’ |_— PILE CENTROID TO
EDGE DISTANCE:
2000 mm (TYP.)

[~—— BORED PILE

& = (TYP. @800 mm)
S STRUCTURAL |s=
g F s, " RS
E| - % / P X-AXIS
= A
z COLUMN:
700 mm x 700 mm

2000 mm
20m
2000 mm
(2.0 m)

™ INTER-PILE SPACING (C/C):
2800 mm (TYP.)

2800 mm 2800 mm —— BORED PILE
(TYP. @800 mm)

. ' (2.8 m) (28m)

6800 mm (6.8 m) i PILE CAP BOUNDARY

Figure 43 Configuration Plan for 4 Bored Pile Poles

The integration of structural element interactions with the soil medium requires that the
final foundation load calculation must include the dead load resistance component of the thick
elements themselves. The nominal thickness dimension of the pile cap cross-section (h) is

applied with an estimate of 1200 millimetres (1.2 metres). The selection of this substantial
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dimension of 1.2 metres is not merely aesthetic but rather a determining physical mechanism.
This thick structural block functions to ensure a state of minimal body deformation in which
the pile cap acts as a theoretically infinitely rigid super-stiff plate, distributing uniform
composite flexural strain to its supporting columns, and more crucially, blunting the shear
penetration of the column elements (ponse shear).

The pure gravitational static load due to the mass profile of the pile cap concrete (Wpc),
based on the volumetric weight of conventional reinforced concrete at 24 kN/m?* SNI, is
analysed as follows:

Wpe=B X LxhXVconcrete

Wpe =6,80 m x 6,80 m x 1,20 m x 24 kN/m® = 1331,71 kN

The elevation of the roof foundation backfill soil is assumed to be zero for simplification
in the conservative framework of shear and uplift loads on the cross-section. As a result, the
complete reactive gravitational load (Ptot) that propagates towards and is suffered by the
cross-section of the pure column quadrant is from the sum of the load components from the
upper structural axis and the composite slab block:

Ptot = Praw + Wpc

Ptot =4173 kN + 1331,71 kN} = 5504,71 kN

The mapping of the transfer of rolling force energy to the support column is carried out
by evaluating the law of equilibrium of pure static forces on rigid bodies. The axial reaction
borne by each column support element (Pi) is described through a two-point centre of force
flexible decomposition formula from mutually perpendicular orthogonal axes. The latitudinal

position of each pillar element rests on a geometric Cartesian coordinate axis identified at +
S . . . . . .
> For this 4-column formation, the distance of the X-axis (x) and the bending distance of the

Y-axis (y) are constant from the centre of rotation at x = £1.40 metres and y = £1.40 metres.
The derivative formula for the polar moment of inertia of the column group point
calculates the variable distance squared:
¥ x?=4x (1,40 m)*> = 7,84 m?
Y y%2=4x (1,40 m)* = 7,84 m?
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The specific compression reaction acting on a point on the column group is formulated
from a combination of the composite uniform static pressure distribution plus the axial load

fraction due to the torsional lever arm at each orthogonal vector:

Pi= Ptot + MYrqw - XU + MXyqw - Vi
n L x? zy?

By substituting the numerical coefficients of the variables into the equation parameters,

the percentage proportion of the load borne by the quadrant can be separated into facets:
5504.71

1. Uniform Centric Axial Stress Component (base uniform compression):

1376.18 kKN

66232 kNmx 1.40m
7.84 m?2

2. Additional bending force component due to torsional moment X:

118.27 kN

49510 kNm x 1.40m __
7.84 m?

3. Additional Flexural Force Component due to Torque Moment Y:

88.41$ kN

The distribution of reaction loads presents extreme asymmetrical conditions. The
foundation elements that spatially bear the highest extreme load concentration (Pmax) are
located precisely at the meeting point of two rotational axes, where the synergistic impulse of
the moment force amplifies the shear force at the base. The maximum value is recorded from
the superposition sum of all positive parameters of the three:

Pmax = 1376,18 kN + 118,27 kN + 88,41 kN = 1582,86 kN

Meanwhile, on the opposite side of the diagonal axis of the quadrant, the foundation
pillar elements will suffer extreme compression stress relief or pressure release (Pmin), caused
by torsional traction that tends to lift the pile out of its footing (uplift phenomenon):

Pmin = 1376,18 kN - 118,27 kN - 88,41 kN = 1169,50 kN

Table 76 Pole Quadrant Coordinates and Reaction of Load Combinations

Identification of Pole Centric Axial Flexural My Flexural Total ijtr(.eme
. Load Reaction | Impact Combination
Quadrant Coordinates (kN) Mx (kN) Impact (kN) Reaction (kN)
Pole 1 (Quadrant +x, +y) | 1376,18 118,27 88,41 1582,86 (Pmax)
Pole 2 (Quadrant -x, +y) 1376,18 118,27 -88,41 1406,04
Pole 3 (Quadrant +x, -y) | 1376,18 -118,27 88,41 1346,32
Pole 4 (Quadrant -x, -y) 1376,18 -118,27 -88.41 1169,50 (Pmin)
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The geometric feasibility safety validation parameters were validated by comparing the
peak induction load parameters (Pmax) recorded on the outer row of piles with the maximum
permissible soil resistance capacity threshold for cylindrical bored piles (Qall). The reactive
traction value resulting from this static analysis is 1582.86 kN. The evaluation proves that the
maximum load point is still absolutely within the safety line and is quantitatively inferior
when compared to the empirical pile capacity threshold parameter Qall of 1617.37 kN (design
utilisation ratio of 97.8%). This compliance confirms that the construction of a four-column
equilateral formation block with 800 mm diameter material instruments will operate optimally
without the potential for asymmetric sinking. All piles respond purely in the elastic region and
still retain the remaining clay soil envelope capacity to withstand the structural load excitation

of a seven-storey building.

14.1.4 Pile Cap Thickness Review and Extensive Two-Way Pons Shear Resistance
Analysis

The next stage of in-depth engineering after stabilising the distribution of supports is to
validate the suitability of the concrete slab cross-section against the most fatal damage: thick
flexural penetration. The design of thick foundation structures is empirically largely
unconstrained by the need to resist flexural failure, but is highly sensitive to the dominance
of two-way punching shear failure, or what is known in specific engineering terminology as
punching shear failure. Punching shear failure occurs instantaneously (brittle and sudden) and
generally does not exhibit any preliminary crack deformation. It is initiated when the
supporting column concentrates enormous compressive stress, tearing the concrete pile cap
without encountering relevant shear resistance to distribute the punch resistance to the outer
perimeter.

Based on the structural guidelines for matrix rigidity in SNI 2847:2019 Article 22.6
concerning the shear requirements for foundation footings, the two-way shear vulnerability
of concrete must be calculated at the critical plane location. The critical cross-section is
realised as a prismatic projection perimeter plane that is perpendicular to the boundary of the
zone at a distance of half the effective thickness of the foundation slab (d/2) from all points
on the surface of the concentrated load (i.e. the edge of the 700x700 mm central column).
Determining the effective thickness (d) requires extracting the absolute distance from the
elevation of the upper load surface of the pile cap, descending perpendicularly towards the

layer of the central support point of the bottom layer reinforcement cage that extends..
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By accumulating the total thickness of the vertical dimensions of the pile cap cross-
section conditioned at h = 1200 mm, with a reduction in the protective layer of the pure
concrete cover (clear cover, cc) to a depth of 75 mm, and the specified minimum
reinforcement of D29 mm tensile wire. The effective thickness of the composite slab structure
can be described on average to bridge the two-axis reinforcement stack (X-axis and Y-axis).
The analysis adopts a middle layer of cross-braced reinforcement to achieve a more balanced
flexible representation:

davg = h - cc - dpar = 1200 mm - 75 mm - 29 mm = 1096 milimeter

The critical decay radius of the pons extends horizontally from the bell-shaped shell at

davg _ 1096

= 548 mm from the column cross-section, encircling the concrete

a distance of

edge of the column. The critical shear perimeter path (bo) extends equilaterally following the
square shape of the column by extending the geometric elements on its four outer sides: Outer
side length of column c1 = 700 mm; Cross-side thickness of column ¢2 = 700 mm.

bo=2x {(cl + davg) + (c2 + davg)}

bo =4 x (700 mm + 1096 mm) = 7184 milimeter

The ultimate critical penetration shear force (Vu) at the pile cap interface is assumed to
absorb all the reaction forces that push the structure away from the foundation base, which
analytically purely carries the axial downforce of the pile without crediting the small reduction
due to the passive effect of soil compression underneath (which guarantees a very
conservative result value). The Vu value is extracted from the static boundary structure
loading magnitude according to the instructions, inheriting the constant load parameter Praw
pressing the foundation by 4173 kN. This static representation is converted to a standard SI
numerical equivalence base system of 4,173,000 Newtons to be injected into the SNI
calculation module.

The nominal intrinsic shear resistance of thick concrete slab matrices (¢ Vc) is extracted
using the minimum punching shear stress probabilistic approach in the compilation of SNI
2847:2019 Article 22.6.5. The regulatory code of ethics dictates that designers calculate
parameters from a combination of three mathematical formulation criteria and pass the design
at the smallest value as the dominant reduced resistance. The redundancy ratio factor for
reducing the shear strength of material stress (¢) for all flexural plate shear tests is fixed at a

constant empirical service ratio limit coefficient of 0.75.
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Derivation of SNI determining parameter properties:
. Slenderness index of the column cross-section (f); defined as the ratio of the length

dimension to the width dimension of the column cross-section. For a perfect square, 8

=2-10.

700

. Adjustment of the constant distribution of the geometric layout parameters of the
flexible column (ay); a stress coefficient of 40 is specified for the axis pillar sitting on
the interior of the foundation span, which is comprehensively surrounded by a plate at
360 degrees.

. Gradation density parameter of porous concrete aggregate (1); set to 1.0 considering
that structural concrete falls within the domain of conventional normal hardening
weight.

Basic Regulatory Equation I - Full square cross-section material resistance, which

depends solely on the strong interaction of the uniform concrete particle matrix:
Vel =0,33 1 4/fc’ x bo X dave
Vel =0,33 x 1,0 x V35 MPa x 7184 mm x 1096 mm = 15.366.163 N = 15.366,16 kN

Analytical Equation II - Modification of the intervention to weaken the tear stress of the plate
if the column pressure component is very flat and oblong rectangular so that the stress is

excessively concentrated at the right angle of the plane:
ve2 =(0.17)(1 + ) AFC X b0 X dave

Ve2 = (0.17) (1 + =) x V35 MPa x 7184 mm x 1096 mm =23.747.707 N = 23.747,7

kN

Regulation Control Equation III - Examination of the ratio of the length expansion of the

protective rim parameter to the area of the supporting cutting cone:

Ve3 = (0, 083)(2 + (“S)(d“"g)) AJFC x bo X daye

Ve3 = (0,083)(2 + M) (1.0) V35 x 7.873.664

Vc3 =31.310.480 Newton = 31.310,48 kN

The validation of the pure shear strength of the concrete matrix composite is derived

from the deterministic control of the inferior parameter boundary or the smallest numerical
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value of the interaction probability of the three regulations above. The equivalent shear
strength limit of pure concrete is executed based on the type I equation and multiplied by a
capacity factor (¢p = 0.75), resulting in the service design strength:

¢Vec=0,75x 15.366,16 kN = 11.524,62 kN

Entering this value into the comparative criteria for structured mechanical functional
safety proves the highly conductive relationship between load penetration and the toughness
of thick concrete material casings:

Vu=4173 kN <¢$Vc=11.524,62 kN

The analytical conclusion that can be declared from this series of central two-way stress
evaluations is that the formulation of the nominal concrete thickness at 1200 mm has a very
significant surplus of cross-sectional support capacity (the safety ratio exceeds half of the
ultimate punching shear resistance of the upper column). This extremely thick profiled slab is
very safe in distributing the giant axial load flow that divides the foundation mass and
transmits it evenly across the group of point-drilled pillars. The analysis shows that this
thickness does not mechanically require the addition of costly local shear protection fins in
the perimeter area of the central column pillars, realising a practical field construction
scenario.

As part of a comprehensive exhaustive evaluation in modern geotechnical engineering,
two-way shear testing does not stop at the centrality of the column. Similar testing must be
incorporated to measure the reliability of the corner meeting angle where one of the bored
pile elements distributes thrust stress upwards to the edge of the slab foundation (corner pile
punching shear). The review focused on the support piles that suffered from a combination of
enormous values, pile number 1 with an extreme compressive pressure Pmax measured at
1582.86 kN. The perimeter of the bell sleeve (bo pile) surrounds the circular pillar by

absorbing the variable circumferential offset of the equatorial cross-section by half the

dayg _
2

effective depth ratio ( 548 mm), moving back from the original diameter of the 800 mm

cylindrical foundation sleeve boundary. Given that the elevation of the central pile to the wall
point of the slab is very isolated at 2.00 metres (or 2000 mm), the bell path is not interrupted,
i.e. it is completely covered in the compression zone within the pile cap. The circumferential
parameter of the circular pile bore opening is calculated using the circumference equation of

a sphere:
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bo.pile = (Dpile + 2 x “2

bo,pile = (800 mm + 1096 mm) =~ 5956,46 mm

The equivalent shear resistance value of the concrete surrounding the projected radius of the

column is calculated using the identical two-way shear basic material equation formula:

¢Ve,pile=0,75x 0,33 x 1,0 x V35 x 5956,46 x 1096 = 9.556.702 N = 9.556,7 kN

The Pmax suitability control = 1582.86 kN < ¢pVc,pile =9,556.7 kN proves the superior
validity of the solid foundation edge maintaining itself and reflecting repulsive energy without

fibre cracking.

14.1.5 Interaction of One-Way Shear Resistance Area

The exploration of the stability of transverse deformation forces must be expanded in a
comprehensive examination of one-way beam shear, an evaluation parameter that can be
equitably compared to the transverse cracks that commonly plague the cross-section of thick
beam slabs. In pile cap structural elements, the probability of inclination occurring in the
diagonal shear plane of this one-way beam will project linearly parallel across the transverse
or equatorial longitudinal formation of the complete concrete slab cross-section. The shear-
prone cross-section of a single axis orientation, which is standardised through the provisions
of SNI 2847:2019, is located on the ordinate axis, linearly away at the overall effective depth

(davg), extending freely along the perpendicular cross-section starting from the outer boundary

700 mm

side of the pressure bar (outer neck of the structural column).

The investigation of the critical boundary geometry is formulated as follows: The outer

700 mm

face of the column support is estimated to extend at the equator of the radius distance

= 350 mm = 0.35 metres, centred outwards from the rotational centre of gravity. The
projection of this diagonal shear failure crack band complies with the SNI concrete code
mandate for a path thickness equal to the effective base profile depth (1096 mm), positioning
the transverse distance of the theoretical vulnerable zone linearly across the measured
Cartesian path: 0.35 metre + 1.096 metre = 1.446 metre away from the centre of the structure.

The comparison of the mathematical relations of the spatial position of this spatial
arrangement reveals a crucial phenomenon regarding the pattern of thrust transfer and reactive

stress shear response. Geometric tracing provides measurable empirical evidence that this
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series of cylindrical pile foundation pioneer structures is arranged straight on the ordinate axis
at a distance of x = 1.40 metres, dividing the centric rotation of the square pile cap plate. The
exact coordinates of the centre load point of the pile row (1.40 m) absolutely occupy the space
that is closer to the base of the column under review when compared side by side with the
span of the axis of the transverse crack failure plane intersection beam (1.446 m).

The concentrated situation that pins the foundation support into the axis of this plate
dictates the laws of structural physics of static mechanical stress, whereby the tensile force
and torque of the vertical thrust of the earth, which is reactively lifted from each pillar support
point, is transmitted raw, spreading diagonally upwards and striking directly on the neck
section of the main building pillar without having time to give the overflow of shear load
across the outer boundary area of this critical shear flexural equator coordinate. The entire
contribution of the thrust impulse is channelled without crossing the critical parameter line.
The results of this spatial investigation place the quantification of shear force cutting pressure
outside this boundary distance as totally reduced, creating a shear load parameter (Vu) that is
equivalent and in equilibrium at the threshold value of 0 (zero). This deductive analysis
perfects the proof of feasibility that the 1200 mm dimensional pile cap block plate, which is
extremely thick and has a centrally compressed foundation pillar configuration, is able to
accelerate absolutely safely across the vulnerability control criteria of splitting the

unidirectional shear profile without having to suffer additional transverse reinforcement

specifications.
Table 77 PC1 Foundation Shear Calculation
Testin Radial Calculation of
& Projection | Accumulation Threshold
Methodology . . . . - Structural
o . Dimension of Potential | Serviceability
Criteria for Plate . . Safety Status of
. Critical Shear Load Matrix
Shear Integrity . . Slabs
Limits Distance (Vu) Capacity
(from front) (pVo)
Two-Way Pons Proportional | 4,173.00 kN 11,524.62 kN gife 11[2?: acit
Shear Failure to davg/2 (Representing | (Dominant due - SBF‘)’ y Nop Y
(Column Pillar (548 the total to thick - dit;’('mal <oiral
Load Centre) millimetres) | column mass) | concrete cover) bracing reqll;ire J
One-Way Beam Vertlcal.ly 0 kN (Position | 5,212.8 kN Safe status. Free
. proportional | of the centre (Reference :
Diagonal Shear . . from static
. to an of gravity of resistance of .
Failure (Plate . . vertical shear
Flexure) equivalent the column intact slab forque excitation
distance of | ahead of the based on SNI) )
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Testin Radial Calculation of
g Projection | Accumulation Threshold
Methodology . . . . - Structural
R Dimension of Potential | Serviceability
Criteria for Plate cpe . Safety Status of
. Critical Shear Load Matrix
Shear Integrity . . Slabs
Limits Distance (Vu) Capacity
(from front) (pVo)
dave (1096 vulnerable
millimetres) | limit)
Equivalent
1,582.86 kN
One-Way bpundary (Combined 9,556.70 kKN Safe status. Edge
Penetration Shear | ring shell to . slabs absorb
. : load of (Circumference .
Failure of a distance of . massive
.. maximum of the outer s
Individual dave/2 . foundation thrust
quadrant wide plate bell)
Columns around the forces.
moment Prax)
column
*Table reference metric note: The calculation of the load capacity of a one-way pure
shear beam cross-section element ($\phi V¢ beam) is projected to adopt the conventional
structure of force reduction limits from the plate lane formulation formula: 0,75 A /fc’ x
B X davg

ACADEMIC, STUDY

CROSS-SECTIONAL SHEAR DISTRIBUTION PROFILE: PILE CAP ANALYSIS
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14.1.6 Algorithm for Design and Modelling of Flexural Tensile Bottom Reinforcement

The engineering philosophy behind the design of double-layered longitudinal tensile
reinforcement weaving in rigid pile cap subsystem elements takes essential guidelines
assuming that these foundation slabs represent functional elements of thick, embedded
cantilever flexible slabs that are very firmly bound, statically clamped with an imaginary

condition of infinite stiffness at the imaginary boundary wall of the outer edge of the central
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concrete cross-section (column face boundary). The dynamics of the response to pure vertical
axial traction stress of individual composites ejected through the resistance of each depth of
the earth bore pile are reconstructed as equivalent to a reactive impulse of a concentrated force
in the reverse direction, which boosts the extreme span of the massive cantilever arm of the
foundation, rocketing towards the upper dimension of the flexible orientation space. This
configuration of deflection resistance forces gives rise to the phenomenon of accumulation of
extreme tensile stress strain enlargement, which must be forcibly restrained by a series of
longitudinal steel knots assembled in the most recumbent fibre profile base section (lower
cross-section fibres).

The concentration of this moment folding review is specifically intensified to target the
axis of the load group of the pillar span at the extreme side of the farthest flexible energy
traction contributor on a single span axis of the outer row ordinate. (the evaluation
methodology is carried out without any orientation bias due to the physical nature of the
geometric plate complying with the properties of absolute absolute square symmetrical
rotation with a scale of 6.8 metres stretching horizontally 6.8 metres orthogonally across the
intersection). The flexural moment determining the ultimate flexural profile thickness
(flexural ultimate design moment variable, Mu) is produced based on the hinge axis located
on the front edge of the upper column pillar boundary (Xfont = 0.35 metres from the central
centre of rotation of the support). The repulsive force response is triggered by the double
superposition action of a coalition of two ground bore pile supports positioned in the most
extreme, densest row parallel to the edge of the span, pressing the element block in parallel
with the direction of pure linear rotation.

The range of the curved radius of the rotational flexible arm of the mechanical
composite load (equivalent structural moment arm) plays a measurable role across the
physical distance span from the coordinate meeting point of the centre of the combined
reaction reaction point of the two rotation axes of the farthest edge of the advancing shortening
pole, intersecting and colliding with the orientation of the boundary of the neck of the edge
wall clamping the imaginary plate (front wall of the column boundary path):

Flexible Cantilever Moment Arm = 1,40 meters - 0,35 meters = 1,05 meters

The assessment of the dynamics of composite load pressure pressing a pair of linear
span support bearings is facilitated through a series of recalculation procedures of the
compression resistance factor portion of the transverse pressure turning the equator, which is

collected in an extremely specific manner to defend one specific axis orientation that
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dominates the compression force traction. (the X-axis is illustrated representatively). The
designer urges the parameters of the flexural eccentricity of the structure, distributing the
equilibrium of the compressive force from the composite transverse row in the average
direction, sharing the upper limit of the static flexural load moment pressure. To ensure and
capture compliance with absolute safety parameters of the service tolerance deformation
level, the aggregate traction response power of a set of two straight-axis quadrants is
standardised to evaluate purely based on the magnitude of the thrust response force of the
most lethal peak axial equilibrium force resistance of the rocket-like pole at the corner of the
extreme quadrant overlap.

The combined reactive resistance formula for transverse rows dividing the outer
foundation quadrants can be reduced from the double Pmax value, but for mechanical purity,
we integrate the sum of the two columns dividing the longitudinal side Y on the farthest

transverse quadrant X. Calculating the complete transverse traction X:

Pin—line(X)= [P10t+ Mx .x+ My .y] n [Pi;ot_i_ Mx.x My .y]

3 x2 Yy2 X x? xy?
. . _ (Ptot Ptot Mx .x Mx .x My.y My.y
P1n-11ne(X)—( " + " )+ (sz + Zx2)+ (Zyz - 2yz)

Ptot 2 Mx .x
2 Y x2

P in-line(X) =

It can be seen that the cross-direction torsional flexible components My mutually
eliminate each other, leaving only the pure static vertical pressure component and the

dominant axial bending stress.

5504,71 662,32 x 1,40

P in-line(X) =2 x +2x

=2988,90 kN

Comprehensive accumulation of torsional energy cross-section Ultimate Flexural
Moment Serviceability Limit (Mu) that must be distributed along its length to absorb the
flexural stress of the composite cross-section consisting of a coarse concrete matrix and steel
mesh reinforcement is derived from the total mechanical product of the composite load
impulse strength and the linear dimension proportion of the extension range of its support arm
distance:

Mu = P in-line x Cantilever Moment Arm

Mu = 2988,90 kN x 1,05 meter = 3138,34 kNm
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The mechanical functional performance of reinforced concrete composite materials
(capable of withstanding extreme compressive crushing forces but breaking when pulled
lengthwise) is planned to be mixed with convergence splitting capacity utilising the
mechanical energy efficiency limit proportion of metal fibre reinforcement tensile from the
cross-configuration of twisted wire steel profile material with high-grade melt stress
specification (fy) Grade 550 MPa. Empirical calculation resolution describes the exact value
of the distribution of the cross-sectional area of the core reinforcement fibres (As), preceded
by arranging a series of parameters to calculate the compression variable, the determining
factor of the constant stress reduction, the nominal resistance ratio (Rn). By resolving the
complete thickness of the full width span of the transformed plate track acting to withstand
the measured equivalent pressure of a block width area b = 6800 mm, the analytical procedure

for the equilibrium process is mapped:
- Muw
¢ b (davg)”

With ¢ = 0.90 referring to the ductility control limit constant in SNI 2847:2019, this
leads to compliance with the dominant tensile ratio component outside the fracture ratio of

the yield stress limit:

3138,34 x 10° Nmm
0,9 Xx 6800 mm x (1096 mm)?2

=0,427 MPa

The physical and mechanical composite properties of the propagation of elastic
movement of the fusion of two combinations of concrete strength constituent elements are
summarised into the equivalence of the comparative modulus of stiffness, the resistance

modulus, the specific stress resistance ratio m:

m= fy _ 550MPa
0.85x fcr 0,85x 35 MPa

= 18,487

The valuation of the ratio of mechanical steel resistance intensity to pure empirical area

ratio of reinforcement fibre proportion (prequired) 18 used to refine the Whitney stress block

equilibrium equation to counteract the compressive strength of cross-sectional buckling:

1 (2)(m)(Rn)
Prequired = (Z) (1 - |1- %)

(1 _ _ (2)(18487)(18,487) | _
Prequired ~ (18,487) (1 \/1 =50 ) 0,000782
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The ratio parameter coefficient of the quantitative substitution derivative describes an
extraordinarily interesting reality: the strength of the reactive torsional load response pressure
induction force in the foundation records the expected quantity of structural steel requirements
with a relatively insignificant nominal equivalent profile value. This very small number (p =
0.000782) represents the phenomenon of giant concrete elements 1.2 metres thick that have
barely been triggered to release their reserve energy to the level of strain at the breaking point
of the flexible fibre strands at the base. If the design only imposes this limited quantity, there
is a concern that the plate failure will not propagate gradually (giving warning), but has the
potential to break suddenly with sudden cracking at the beginning of bending. As
compensation, in order to protect the softness and ensure the assimilation of the locking
absorption of the tolerance limit of the tensile strain fibres, thermal cracks, strain cracks, and
concrete cracks, the guidelines of concrete mechanics in the SNI 2847 Article 7 standard code
require strict treatment of embedding the minimum volume ratio of longitudinal cross-tension
reinforcement wire (Ppmin)-

The standard maintenance treatment for the minimum reinforcement density of steel
reinforcement plates (ppin) 1s filtered based on the highest absolute value adopted from the
comparison range control of two purely specific standard function rules that are proportionally

juxtaposed:

1.4

e 0.00254

1. Empirical mechanical tensile strength limit regulation I: % =

: . T . 25),/ :
2. Matrix II tensile strength parameter adaptation limit regulation: © zf)y for _ 025935 _

5500

0,002689

The application of the strain guarantee rule for the melt range tensile strength criterion
concludes the decision to adopt a design level using a stricter absolute pure regulation equal
t0 Pmin = 0.002689. Due to the valuation of the specific index ppecessary (0.000782) is rooted
very absolutely in a position that is very far below the absolute inferior threshold crossing the
inferior threshold benchmark requirement p;,, the design configuration of the placement of
the woven steel basket row is fully commanded to be arranged based on the dictates of the
absolute minimum area of the steel reinforcement.

The requirement for the provision of aggregate proportions of the total cross-sectional
area of the entire collection of flexible twisted wire strands extending across the foundation

base support area (in the direction of the equatorial cross-section of the rotational X-axis

Author: Yoda Karunia Kuntoro, B.Eng.



314

perpendicular to the symmetrical embrace of the longitudinal Y-axis) is summarised as
follows:

As,req = Pmin X b X davg

As,req == 0,002689 x 6800 mm x 1096 mm = 20.040,6 mm?

The construction design specifications set in the basic parameters require the use of
straight bar reinforcement components with a nominal thread diameter of D29, which are
certified for high tensile strength with a specific yield strength of 550 MPa. The cross-
sectional area of a single piece of pure D29 wire reinforcement is calculated based on the
geometric precision of the circumference area value Abar = (0.25)()(29)* = 660,52 mm?>.

The quantity of longitudinal wire intersecting the complete reinforcement covering the
floor distributes the reinforcement configuration evenly across the complete tension zone

layer, determined via calculation of the total fraction distribution ratio:

__Asreq _ 20040,6
Apar 660,52

= 30,34 reinforcing bars = set to a logical rounding of 31 single bars

The uniformity of the wire mesh layout determines the evaluation of the spatial
distribution of the spacing between reinforcement bars covering an area of (s) is integrated
across the effective area of the span circuit 6800 mm wide, pulled clean after locking the
elimination of the edge span of the outer corrosion protection cover (approximately 2 x 75

mm end reduction):

g = b=2(cc) _ 6800150
n-1 31-1

~ 221 milimeter

In order to dedicate the synchronisation of the application of the operational layout of
the fabrication of the high-precision field project pillar basket assembly, which is easy to
implement neatly and evenly without the complexity of decimal calculations, and to donate
the flow rate permit for smooth space penetration of aggregate infiltration into the fresh
concrete matrix cavity throughout the solid whole (absolutely reducing the crucial risk of
suffering from aggregate segregation voids stuck in the neck passage of overlapping wire
mesh knots), the spacing of the reinforcement placement is reduced to achieve more consistent
density. The comprehensive configuration of the patented bottom rebar mesh layer grid is
installed in the form of a double matrix of D29 wire mesh with a stable, evenly spaced interval

of 200 mm (D29-200).
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The design of this weave is positioned with double equilateral properties crossing over
the intersection of the axial projection axis, completely covering the equator of the X-axis
span, which is reinforced, locked perpendicular to the equator of the Y-axis orthogonal
intersection. The placement of identical double layers distributes the equilibrium of the two-
dimensional precision uniform tensile force retention pattern simultaneously. The realisation

of the dense configuration of the conclusive reinforcement ratio of the 34 installed bars

34 x 660.52

————— =0.00301. This actual area figure is confirmed to be
6800 x 1096

confirms the value p,cryal =

stable, exceeding the minimum standard strain index limit specified by the lowest SNI
standard, submerging the dreaded ratio of sudden fracture and crack failure. The
harmonisation of super-premium quality Grade 550 MPa steel composite cross-sections with
a logical field spacing formation summarises the confirmed efficacy of adequate resolution
capable of serving the fatigue shift span of traction loads serving the dynamic load of essential

earthquake-resistant buildings, regardless of the pressure of structural excitation.

14.1.7 Preparation of Extensive Design Specifications for Thermal Shrinkage
Spreader Layers, Temperature Expansion Controllers, and Sengkang Nodes
Detailing Rebars for the Integrity of the Upper Column Footing Sliding Layers
(Top and Detailing Rebars)

The element of the giant massive foundation subsystem pillar of the same type that is
assembled to cover the dimension of the thick bulk concrete slab is faced with the threat of an
exponential decay crisis where the bare wide-span exterior surface is spread across the
vulnerability to withstand the effects of experiencing structural cracks in the mesh of the
propagation of the impact of the side effects of the expansion rate process of the intervention
of increased thermal evaporation of the release of the chemical process cycle of heat hydration
of cast paste cement (massive concrete heat of hydration phenomena) as well as being
aggravated by the stretching of the stress matrix, shrinking of the shortening of the volume
space of the pore water shrinkage drying in the incubation period of initial mass maintenance
(volume drying shrinkage shrinkage cracks). The mechanism of surface cleavage stress
weakening fracture of hair fibers of this cross section occupies a crucial level risk strata where
the surface area of micro cracks accommodates the probability of sucking infiltrate exposure
entry corrosive elements reaction damaging agents mineral chemical water chloride dissolved

sulfate seeped in distributed facilitated gap penetration circulation infiltration rising
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circulation seepage transition fluctuation level elevation tide hydrostatic geotechnical shallow
clay surface water (MAT anchored parallel flat face to face interface flooding the base span
flat elevation -1.00 m this foundation wets damp roof slab footing). Absolute comprehensive
passive protection embankment system is established synergized spreading blanket system
steel wire ties extending enveloping holding embracing crack distribution damping reducing
tension stress strain excessive heat wrapping intact spread along transverse perimetry
dimension layer overlay on the surface of the back of the tatas support plate (Top Mat
Temperature/Shrinkage Rebars).

Guidelines for the feasibility of implementing the laying of concrete slabs to reduce
temperature stress, heat shrinkage, anchoring, mandatory instructions, distribution, rationing,
dedicated space allocation, planting restrictions, minimum cross-sectional area percentage,
constant ratio equal to coefficient 0. 0018 in integral proportion, submerging, multiplying,
summarising calculations, enclosing projections, accumulating total aggregate size, geometric
boundary dimensions, thickness cross-sections, splitting, transverse, whole, complete,
composite concrete pile cap elements:

As shrinkage control = 0,0018 X Biotal width X hthickness

As shrinkage control = 0,0018 x 6800 mm x 1200 mm = 14.688 mm?

The design specifications dedicate the treatment of fixing to embed medium-tension
soft steel retaining threaded pillar material with D16 specifications, textured with certified
ribbed protrusions, stretched to a moderate melting tensile limit (soft elongation value of 280
MPa) to be fully allocated to supply the needs of providing a network of cable coils,
reinforcement binding, and sliding clamps for vertical structures. However, in order to realise
the feasibility of meeting the equivalence requirements for the alignment of the effectiveness
of the distribution of a single layer of temperature-resistant sheathing reinforcement with an
extremely large horizontal cross-sectional area, construction designers must consider
calibrating, adjusting, exploring the advantages of embedding the dimensions of the calibre
of the longitudinal reinforcement cylinder rods that are capable of supporting the reduction of
the proportion of the loosening interval level, replacing the gap density interval of the cross-
section of the fin wire clamps, which are considered to be too tight If designers insist on
operating by assembling a complete surface temperature blanket network for pile cap roofs,
they must maintain complete integrity by using small-diameter D16 fin profile steel bars.

(Abar D16} = (1)(0.25)(16)? ~ 201,06 mm>):
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Estimated comparison of total calculations for the deployment of D16 steel profile

retaining wire spanning the entire length:

14.688 mm2

——— = 73,05 wire = rounded to 74 ties per rod assembly
201,06 mm2

1 Jaye decay D16 =

Interval Distance between mesh spacing, spread of the net's equator

_ 6800mm
74 stem

~ 91 mm (gap 9 cm)

Addressing the narrow gap between the protective crossbars of the wire mesh fence,
which are tightly packed together, reducing the space and causing it to shrink, sink, collapse,
break through, surround, penetrate, and enter the nine-centimetre gap, absolutely,
simultaneously and decisively, physically and tangibly, cutting off the impact of collisions
that would strike and hit the principle of the standard law of accommodation, the principle of
flexibility, rationalisation, practicality, feasibility, space limits, logistics execution, and the
implementation of structural concrete casting of massive, simultaneous, ready-mix volumes.
The seepage, adhesion, and propagation of the cement slurry and the mixture of crushed
aggregate of normal grain size will immediately be blocked, piled up, and trapped by the wire
mesh screen, becoming compacted, blocked, confined, and trapped.

Reconciliation strategy for iterative modification steps to adjust the layout, arrange the
solution, harmonise the spacing, stretch the weave, adjust the spacing, and tighten the binding,
facilitated, executed immediately, engineered by mutating, changing, transferring, resolving,
transitioning, migrating, rotating, replacing specifications, exchanging profiles, sizes,
dimensions, specific components, assembling materials Flexible steel mesh wrapped in
transverse temperature adjusted transformed towards modification of cross-sectional
dimensions of reinforcement wire components secondary calibre shrinkage inclusion of
specifications elongated medium tension large capacity high-end class following the specific
profile trace D22 characterised as tough and flexible (with the note that the D22 type support
iron is intended for the tensile class of cross-section plates, balancing the profile, harmonising
the rationalisation compensation capacity, which is also capable of proportionally
accommodating ideally, responding to the fulfilment of compromise alignment criteria for
accommodating medium and high load stresses in flexible synergy). The standard size
component assumption of a single solid iron rod with a D22 round profile plate is estimated

to have a perimeter parameter of Abar D22 = (0,25)(m)(22)* ~ 380,13 mm?>.
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Calculating updates to reevaluate the allocation of the proportion of the component ratio

of the shrinkage ratio reduces the density of the cross-modified mesh formation filler.:

4.688 mm2 . . . .
1 new revision of D22 = 22— =" = 38,63 rib reinforcement wire spans ~ set compression 39

whole rod distribution

6800 mm (plate width)

S i = = 174,3 mm spacing gap ~ standardised
new space interval D22 39 scattered sticks ’ P g gap

conversion to 150 mm

To ensure compliance with field standardisation and ease of implementation, the design
specifies the use of shrinkage and temperature reinforcement with D22-150 specifications.
These specifications are implemented in the top mesh of the pile cap reinforcement cage. This
steel mesh is installed evenly across and lengthwise (orthogonal to the X and Y axes),
following the outer elevation profile boundaries of the pile cap's upper surface. The main
objective is to ensure the stability and integrity of the core concrete matrix.

With this top layer shrinkage reinforcement, the structure can effectively dampen
temperature fluctuations caused by heat of hydration during the mass casting process. In
addition, the foundation elements will be protected from surface cracks, micro stress
expansion, and fibre splitting due to weather fluctuations and concrete shrinkage (longitudinal
surface heat splitting and thermal hydration cracking mitigation control).

The final cycle of reinforcement detailing design focuses on structural complementary
elements that function as composite interlock guarantees. This reinforcement acts as a binding
node that unites the support assembly at the central joint between the base of the vertical
column and the horizontal foundation slab.

The most essential function of this detailing is to evenly distribute the transfer of forces
from the upper structure. The axial load and seismic moment of the building are directed to
be absorbed and dispersed into the foundation without triggering the risk of local damage.
Proper distribution will prevent crushing, shear cracking of vertical beams, and destruction at
critical crossings due to the concentration of massive pure axial forces. The reinforcement of
this joint is realised through the installation of restraining clamps (spiral rings or transverse
begels) that wrap around the main reinforcement of the column. As a standard, these column
restraining clamps are required to be extended beyond the transition boundary and into the
core depth of the pile cap.

These steel stirrups are tightly embedded across the intersection point between the upper

vertical column and the concrete foundation mass below. The specification for the restraining
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stirrups in this joint area is set using a D16 - 100 mm profile. This D16 profile stirrup uses
shear reinforcement steel specifications with a yield strength (fys) of 280 MPa. The
implementation of a 100 mm tight spacing is intended to reduce strain, resist lateral shear, and
enclose the transition of load transfer from the base of the column to the base pile cap
structure. In addition to shear restraint, the ends of the main column longitudinal
reinforcement that penetrate into the pile cap must be mechanically tied and locked. This
procedure is realised through a standard hooked column anchorage mechanism.

The longitudinal reinforcement of the column must be bent to form a 90-degree elbow
hook that bends perpendicularly to the side. This bend serves to grip the bottom layer of steel
mesh (bottom flexible reinforcement of the pile cap). The mechanical anchoring details of this
hook are intended to ensure that the column reinforcement achieves the standard hook transfer
length under tension conditions (l4n) or the maximum bond transfer length completely. This is
in line with the hook reinforcement transmission length regulation SNI 2847:2019 Article
25.4.3, which ensures that the axial tensile and compressive load transition is absorbed

perfectly without the risk of bond failure.

JOINT CONFINEMENT STIRRUPS
D16 - SPACING 100 mm

80° COLUMN BAR HOOKS

MAIN REINF MENT D29 - SPACING 200 mm
{PREMIUM ( DE STEEL, YIELD STRENGTH 550 MPa)

Figure 45 Details of Steel Reinforcement Cross-Sections for PC1 Type Pile Caps

i 80" COLUMN BAR HOOKS

14.1.8 Synthesis Conclusion on the Performance of Structural Parameters of the PC1
Foundation Subsystem

The engineering evaluation process described above provides a framework for proving
that the bored pile and pile cap foundation (PC1) design has been designed precisely and

proportionally. This subsystem structure has been analytically proven to be capable of
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manipulating, absorbing, and distributing extreme combination loads—both static vertical
axial loads and orthogonal overturning moments (Mx, My) due to seismic forces—transmitted
from the upper structure of the Dual System.

As a health facility building classified as Risk Category IV, this building bears very high
post-earthquake operational demands. The foundation construction has been proven to meet
serviceability parameters by absorbing massive pure compression loads (4173 kN) along with
asymmetric moment and lateral base shear, without compromising the safe limits of
differential deflection or overall stability.

The following is a summary table of structural and geotechnical parameters validating the

suitability of PC1:
Table 78 Structural and Geotechnical Parameters PC1
Review Design Criteria & Specifications | Evaluation Status & Conclusion
Parameters
Safe. The bearing capacity of the
Geotechnical Drilled piles @800 mm supported at | permit (Qall = 1617.37 kN) is

Load-bearing | a depth of 30 m (CPT data: qc 22 capable of withstanding the
Capacity kg/cm?, JHP 2184 kg/cm). extreme combined reaction of each
column (Pmax = 1582.86 kN).
. Configuration of 4 piles (2x2) Safe. Provides adequate rotational
Pile Group oy o .
square with inter-pile distance (S) balance to dampen biaxial
Geometry

3.5D and edge distance (E) 2.5D.

overturning moments (Mx, My).

Pure Concrete
Shear
Resistance

Pile Cap plate thickness h = 1200
mm (davg = 1096 mm) using
concrete quality fc' 35 MPa.

Safe. Proven to pass the two-way
shear test and one-way beam shear
test without requiring additional
shear reinforcement.

Main Flexural
Reinforcement
(Bottom)

High tensile strength 550 MPa
threaded steel reinforcement,
installed orthogonally double D29-
200.

Safe. Passes the minimum flexural
reinforcement ratio (ppin) SNI
2847:2019, ensuring limit ductility
without causing steel congestion.

Safe. Optimally designed to

Shrinkage & D22-150 specification temperature | mitigate cracks caused by cement
Temperature I .
. distribution woven mesh hydration heat and protect the
Reinforcement . . s
(Top) reinforcement. cross-section from material
P shrinkage stress.
. fe. M he anchorage length
. D16-100 column stirrup >a ¢. Meets the anchorage lengt
Transition . . . requirement (lqn) according to SNI
- reinforcement is lowered into the .
Steel Detailing . . o 2847:2019 Clause 25.4.3, ensuring
. foundation block; fitted with 90 : .
(Joint) integrated anti-pullout force

anchor hooks.

transfer.

Through the optimised use of high-quality composite materials (concrete matrix

compressive strength of 35 MPa and Grade 550 MPa reinforcement), the design of the PC1
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subsystem successfully meets all safety criteria of the SNI 2847:2019 standard. Ultimately,
this foundation configuration is claimed to be mechanically robust, reliable, and ready for
implementation to ensure the operational integrity of the healthcare facility above it in the

face of any long-term fluctuations in force cycles.

14.2 PC2 Foundation Planning

This subsection describes a comprehensive, detailed, and systematic technical analysis
and manual mathematical calculations for the design of Pile Cap 2 (PC2) foundations. These
foundations are specifically designed to support L-shaped shear walls in a 10-storey hospital
building located in Palu City, Central Sulawesi. This planning is based on the strict integration
of advanced geotechnical engineering principles that refer to the SNI 8460:2017 guidelines
(Geotechnical Design Requirements) and reinforced concrete structural engineering
mechanics as regulated in SNI 2847:2019 (Structural Concrete Requirements for Buildings).

Given that the project site is located in Palu City—an area with active tectonics crossed
by the Palu-Koro Fault and a historical record of large-magnitude earthquakes and massive
liquefaction phenomena—the sub-structure design requires a highly conservative
philosophical approach and a high level of reliability. This extreme level of seismicity dictates
that the superstructure, which employs a dual system (Special Moment Resisting Frame
combined with Special RC Shear Walls), will transmit extraordinarily large base shear and
overturning moments to the foundations. Therefore, the global safety factor (SF) ratio applied
to all planning elements in this study is strictly set at 4.0. This figure is significantly above
the conventional standard threshold (which is generally in the range of 2.5 to 3.0 for normal
conditions) to accommodate the extreme uncertainty of seismic loads and geological
anomalies.

Furthermore, mitigation of potential loss of bearing capacity due to lateral soil softening
or liquefaction in the future requires that the pure pile bearing mechanism be based on friction
pile resistance. End bearing capacity in hard soil strata is completely ignored in this axial
capacity analysis. This approach ensures that the integrity of the foundation is maintained
even if end bearing capacity degradation occurs. In terms of concrete flexural structural
aspects, the Strut-and-Tie Model (STM) method is used extensively to accommodate the
transition behaviour of forces in deep pile caps that no longer comply with the classical

Bernoulli-Euler linear strain assumption.
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14.2.1 Design Parameters, Material Specifications, and Geotechnical Characterisation

Perencanaan pondasi PC2 melibatkan sintesis data geoteknik spesifik lokasi (sife-
specific) dan beban struktural mentah yang ditransmisikan secara langsung oleh dinding geser
L-Shape. Pemahaman mendalam mengenai properti material dan geometri struktural adalah
prasyarat mutlak sebelum melangkah ke tahap perhitungan matematis stabilitas dan tegangan
nodal. Pendekatan desain menggunakan parameter beban aksial mentah yang akan direduksi
secara langsung dengan faktor keamanan ekstrem (SF = 4,0) merupakan representasi dari
desain yang mengutamakan redundansi struktural absolut.

The following outlines the details of the parameter classification, which is divided into
structural loading, material properties, and geotechnical investigations that form the
fundamental basis of the entire chain of solid mechanics and soil mechanics calculations in
this report. High-strength reinforcing steel (550 MPa for main flexural reinforcement) is
specifically implemented to anticipate massive tension tie forces in the strut-and-tie model.
Meanwhile, soil parameters in the form of cohesive clay identified from the undrained
cohesion (Cu) value dictate the use of bored piles with very extensive depth penetration.

The parameters and technical specifications used in the analytical calculations are as follows:

Geometry of L-Shaped Shear Wall Elements:

o Cross-section shape: Asymmetrical L-shaped, facing right.

o Horizontal wing length (Lx): 6.0 metres.

o Vertical wing length (Ly): 4.0 metres.

. Wall plate thickness (tsw): 25 cm (0.25 metres).

. Local coordinate system orientation point: The wall corner is located exactly in the

lower-left quadrant (coordinate origin 0,0).

Internal Forces (Basic Raw Structural Loads)

. Axial Compression Force (Praw): 14,907.9 kN (All axial equilibrium analyses use this
static value representation).

o Tilting Moment in the X direction (Mx,raw): 770.31 kNm.

. Y-direction Torsional Moment (My,raw): 504.35 kNm.

. Lateral Base Shear Force (Vraw): 968.6 kN.

. Global Safety Factor (SF): 4.0 (Applied directly as a divisor to the load parameters and

ultimate bearing capacity of the soil).
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Structural Material Specifications:

Compressive Strength of Concrete Cylinder (fc'): 35 MPa (Concrete quality uniformity
is applied for ease of interface implementation between the massive pile cap and the
bored pile underneath).

Main Reinforcement Tensile Strength (fy): 550 MPa (Specified using large diameter
D29 threaded reinforcement for efficiency in area ratio and reduction of congestion
during casting).

Shear/Stress Reinforcement Tensile Strength (fys): 280 MPa (Specified using D16
diameter reinforcement as diagonal crack restraint or bursting reinforcement).

Clean Concrete Cover Thickness (cc): 75 mm (Empirical minimum requirement in
accordance with SNI 2847:2019 Article 20 for concrete cast directly in contact with

reactive soil and exposed to permanent soil moisture).

Geotechnical Characterisation Parameters (S-2 Borehole Log Data at a Depth of 30

metres):

CPT cone tip resistance (qc): 22 kg/cm?.

CPT stick resistance (JHP): 2,184 kg/cm (Accumulated as local friction reading values).
Undrained cohesion of clay (Cu): 27.5 kPa (Represents saturated clay deposits with soft
to medium consistency, typical of coastal alluvial formations).

Groundwater Table Elevation (GWT): -1.00 metres below the original ground surface
elevation datum.

Saturated Soil Unit Weight (ysa): 17 kN/m?.

Water Unit Weight (yw): 10 kN/m?.

Pile Group Layout Provisions and Assumptions:

Mechanism of Load-Bearing Force Distribution

Exclusively designed purely as a Pure Friction Pile. The disregard of end bearing
capacity contribution is based on the mitigation of resistance reduction due to cyclic
liquefaction loads or stratigraphic weakness of sand lenses beneath the review layer.
Distance from the edge of the pile cap to the centre point of the outermost pile (c):
minimum 2.5D (pile diameter).

Distance between the centres of bored piles or spacing (s): minimum 3.5D.
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14.2.2 Analysis and Formulation of the Centroid of an L-Shaped Shear Wall Cross-
Section

Understanding the mechanics of centre of mass and centre of rigidity is one of the
crucial pillars in deep foundation engineering. The main concept is to ensure that the structural
load bearing point of the column or shear wall is concentrically aligned with the geometric
centre of gravity of the pile group system (centroid of pile group) and the pile cap base plate.
If the geometric centre of gravity of the foundation is allowed to be eccentric relative to the
centre of the shear wall, the pure axial compressive load will inherently mutate into a
secondary eccentric bending moment (AM = P x ). Given that the axial forces involved reach
tens of thousands of kiloNewtons, even the slightest eccentricity will drastically amplify the
overturning moment, thereby distorting the stress distribution on the foundation piles at the
outer perimeter, creating the phenomenon of differential settlement, and reducing the
efficiency of the reinforcement.

Therefore, determining the exact centre of gravity coordinates of this L-shaped shear
wall cross-section is an essential step and an absolute prerequisite before the pile cap
geometry grid layout can be executed. Asymmetrical shear walls have a centre of gravity that
is not located on their axis of symmetry. The following analytical narrative describes the
integral segmentation of the L-shaped shear wall cross-section into two independent
rectangular sub-elements to facilitate the formulation of the static moment area (area) relative
to the global Cartesian reference axis.

The reference point or origin of coordinates (0,0) is conceptually placed at the lower
left corner of the shear wall. The first area is formulated as a vertical wing, while the second
area is formulated as a horizontal wing. The calculation of the first moment of area will reveal
the coordinates (Xc, Yc), which will then be set as the local absolute centre of rotation (0,0)
for the bored pile foundation layout coordinate system.

The geometric evaluation of the cross-section is quantified by dividing the 0.25-metre-
thick L-shaped wall cross-section into two segments:

1.  Segment 1 (Vertical Orientation Wing): Extends parallel to the positive Y-axis from the
origin. The width of segment 1, which is parallel to the X-axis, is equal to the wall
thickness (0.25 metres), and its total height rises along the Y-axis by $4.0$ metres.

2. Segment 2 (Horizontal Orientation Wing): Extends parallel to the positive X-axis

towards the right. Since the 0.25 m x 0.25 m corner intersection has been accumulated
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in the area of Segment 1, the net operational length of Segment 2 parallel to the X-axis

1s reduced to 6.0 metres - 0.25 metres = 5.75 metres. The thickness or cross-sectional

width parallel to the Y-axis is 0.25 metres.

Table 79 presents a systematic breakdown of individual area parameters (Ai), local partition

centre point coordinates (Xi, yi), and partial area static moments for each cross-section

segment.

Table 79 Formulation of Static Moment Area and Centre of Gravity of L-Shaped Shear Wall

Cross-Section

Segment Cross- Partial Absis Local Static Static
Partition sectional Area Centroid | Centroid Moment Moment
Identifi- dimensions Ai (m;) Local, xi | Ordinate, | Area X, Ai-xi | Area,
cation (bxh) (m) (m) yi (m) (m?) Ai-yi (m?)
Segment 1 025/2=1400/2=|10x 0,125 =| 1,0 x 2,00
(Vertical 1 0,25 x 4,001 1,0000 | "5~ | 5 000 0,1250 =2,0000
Wing)
Segment 2 0,25 + 025 /2 = 1,4375 x | 1,4375 x
(Horizontal | 5,75x0,25 | 1,4375 | (5,75/2) 0’125 3,125 =10,125 =
Wing) =3,125 ’ 4,4922 0,1797
Total
Accumu- - 2,4375 | - - 4,6172 2,1797
lation (X)

Based on the accumulated static moments of area from the analytical table above, the

global centre of gravity or centre of gravity of the cross-section (centroid) of the shear wall

(Xc, Yc) 1s synthesised using the basic principles of rigid body statics:

_Y(A;. %) 46172m3

Xc = YA, 24375m% 1,894 meter
) . 3

Vo= 2y _ 21797m° 0,894 meter
YA 2,4375 m?

This compilation of precision analyses technically dictates that the exact geometric

centre of the PC2 pile cap slab and the centre of the bored pile grid pattern must be placed

perfectly aligned vertically at spatial coordinates (X = 1.894 m, Y = 0.894 m) relative to the

lower left corner point of the shear wall. This concentric alignment is the primary mitigation

procedure for eliminating the occurrence of extra rolling loads, so that the translational

compression stability of the entire pile foundation system can be optimised.
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14.2.3 Geotechnical Characterisation of Bore Piles and Estimation of Axial Bearing
Capacity (o Method)

The mechanical integrity of deep foundations in cohesive soil deposits, such as marine
clay or Palu alluvial soil, depends almost entirely on the soil's ability to develop shear stress
along the interface between the concrete pile and the soil matrix (soil-structure interface).
Given that the design criteria explicitly instruct the total disregard of end bearing resistance
(Qp = 0), the phenomenon of load energy dissipation must be transferred entirely and
distributively through vertical pile skin friction (skin friction transfer mechanism).

The SNI 8460:2017 guideline on geotechnical design recommends the use of Total
Stress Analysis, commonly known as the Alpha (o) Method, to evaluate the shear capacity of
fine-grained soil layers under undrained conditions. The presence of the Ground Water Table
(GWT) at a shallow depth of -1.00 metres and the fully saturated nature of the clay soil deposit
(ysat= 17 kN/m?) does not directly modify the total stress method strength calculation, because
the o factor empirically summarises the undrained frictional weakening. The total stress
approach is more relevant for bored piles during the critical service life phase of the structure.

The analytical formulation in this section is compiled by describing the determination
of empirical adhesion coefficients to the rationalisation of the dimensions of giant bored piles.
Due to the massive centric axial stress mobilised from the superstructure (static raw load
exceeding 15,000 kN, requiring a damping tolerance of SF 4.0), and the soil stratum analysed
at the depth of review is clay with a neutral shear strength (Cu) parameter of 27.5 kPa
(classified in the range of soft to medium clay soil consistency), this structural engineering
cannot avoid the use of foundation elements with an exceptionally large volume ratio. As a
mechanical response to low soil resistance, the designer specified the use of large diameter
bored piles (large diameter shaft) measuring D = 1.2 metres. Furthermore, to compensate for
the absence of a rock base, the friction penetration level was boldly estimated to a depth of L
=75 metres into the earth to capture proportional resistance friction forces to ensure SF 4.0

stability.

14.2.3.1 Determination of Adhesion Reduction Coefficient (o) Based on SNI 8460:2017

Based on SNI 8460:2017 (which contains the convergence of geotechnical research
from the American Petroleum Institute model and the classic literature by Reese & O'Neill
1988), the adhesion correction factor a for bored piles in high cohesion soils is defined as a

function of the ratio of the soil's unconfined shear strength Cu to the reference atmospheric
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pressure (Pa = 100 kPa). The technical implementation of bored piles—which involves open
soil excavation and cast-in-place wet concrete casting—inherently disrupts and softens the
clay soil zone around the borehole wall (remoulding and stress relief zone).

For clay soil classification with an indicator of Cu < 1.5 Pa (i.e. when Cu is less than
150 kPa), the most extensive empirical adhesion factor value recommended and adopted in
national standards for cast-in-place piles is a constant value of a = 0.55. A value of 0.55
implies that only 55% of the intrinsic cohesion of the clay can be permanently relied upon as
shear stress along the concrete-clay interface. Since the field value of the Cu property is 27.5
kPa (well below the transition limit of 150 kPa), the application of the coefficient o = 0.55 is
theoretically valid and represents a reliable mitigation of interface failure.

The evaluation of the ultimate shear strength of the unit (fs i) along the pile profile is
formulated as a product of:

fout=a x Cu

fsue = 0,55 x 27,5 kPa = 15,125 kPa (setara dengan kN/m?)

14.2.3.2 Planning of Spatial Geometric Parameters and Ultimate Capacity of Single
Piles

In order to realise the accumulation of support resistance equivalent to the load criteria with
high reduction safety factor limits, the geometric morphology of a single bored pile element
unit is modelled in detail:
. Drill Pile Diameter (D): 1.2 metres (Accommodates lateral stiffness and blanket area).
. Effective Pile Penetration Depth (L): 75 metres (In this calculation, it is assumed that
the stratigraphy of the clay layer is deposited homogeneously to a deep elevation, or
that the parameter Cu = 27.5 kPa functions as a conservative weighted average
parameter throughout the full friction penetration depth range).
. Pile Sheath Cross-Section Circumference (p)
The circumference of the circle is calculated from p =D = n1,2 m = 3,7699 meter
Under the guideline of neglecting point bearing resistance (Qp = 0), the ultimate load
transfer function of a single column (Qult,single) is extracted using the wall friction
integration formula:
Quitsingle = fsue x px L
Quitsingle = 15,125 kKN/m* x 3,7699 m x 75 m = 4.276,48 kN
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By following specific instructional mandates requiring the execution of ultimate
strength value distribution against a Safety Factor (SF) value of 4.0 in the initial phase, the
upper limit of the operationally authorised single axial compression load capacity (Qasingle)

becomes:

Qult,sin le 276,48 KN
Qaitsingle = ——¢ £ = ——=1.069,12 kN

The achievement of 1,069.12 kN per pole then became a reference element for the

arrangement of a more massive foundation system block group.

14.2.4 Pile Cap Geometric Formation Design, Pile Group Efficiency, and Three-
Dimensional Force Distribution

Quantification of stress in the design of pile foundation groups cannot be done simply
by dividing the axial load of the building by the load-bearing capacity of a single pile. The
raw gravitational load originating from the collection point of the shear wall elements was
measured at 14,907.9 kN. As a conservative prerequisite formula, the raw base force was
empirically transformed into the initial static design force (Pdesign base) after applying a raw
SF = 4.0 division penalty.

Pdesign base — % = 3726,975 kN

Although the theoretical quota of 3,726.975 kN appears to require only approximately

3.726,9
1.069,12

3.5 bored piles ( ), this mechanical rationalisation greatly underestimates the facts on

the ground. The final design must assimilate and withstand the passive tonnage weight of the
thick giant pile cap beam itself. In addition, the overturning effect caused by the action of the
asymmetrical biaxial bending moment transmitted by the L-shaped cross-section and the base
shear will cause a concentration of hypercritical compression fluctuations on the sides of the
piles in the outermost rows. To compensate for all these extreme dynamic response
amplifications, the author specified the integration of a fleet of sixteen (n = 16) bored piles,

arranged in an ideal symmetrical 4 x 4 square grid formation.
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14.2.4.1 Formulation of the Geometric Layout of the Pile Group Grid

Based on SNI 8460:2017 and applied geotechnical literature, the spacing of pile placement is
orchestrated to prevent overlapping failure wedges/block failure mechanisms between soil
COVer zones.
o Centre-to-centre spacing between vertical and horizontal piles (s): 3.5 x D =3.5x 1.2
metres = 4.2 metres
. Clear radius from the outer edge of the pile cap to the centre of the outermost pile (¢):
2.5x D =2.5x 1.2 metres = 3.0 metres
The longitudinal (Bx) and transverse (By) exterior matrices for the Pile Cap concrete
slab in the 4 x 4 order (which summarises 3 units of column row cavity space) are evaluated
as spans:

Bx=By=(3x5)+(2xc)=(3x42m)+(2x3,0m)=12,6 m+6,0m = 18,6 metres

The total footprint of the pile cap covers an area of 18,6 m x 18,6 m = 345,96 m?

To facilitate infinite rigidity so that the column reaction distribution satisfies the rigid
plate element approach, and to facilitate the diagonal strain mechanism that supports Strut-
and-Tie Modelling in the next phase, the thickness or height of the massive slab foundation
(T) 1s set at an extreme value of 3.0 metres (3,000 mm).

Calculation of Clay Pile Group Efficiency (Converse-Labarre) Agglomeration or load
crowding into clay soil matrix clusters tends to cause stress bulb interference curves from
adjacent piles to merge and accelerate the process of clay shear strain weakening. This friction
degradation phenomenon is indexed through the percentage reduction in aggregate bearing
capacity or cluster efficiency value (n). The most rational attenuation formulation to be

adapted is the Converse-Labarre empirical method:

_1_ (ny—Dnc+ (nc—ny
n=1 9'[ 90) () (o) ]

Where the variable 1 is the arctangent parameter angle of the ratio of the pole diameter
to the centre-to-centre distance expressed in degrees (6 = arctan(D/s)), nr represents the x-

direction pole row parameter, and nc represents the y-direction column parameter.

0 = arctan(i'z—z) = arctan(0,2857) = 15,945°
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For the 4 x 4 grid parameter (where n; = 4, n. = 4):

14+ (4 - 14
(90)(4)(4)

n=1-15945° [4= | =0.7343

The vertical pressure capacity of a single column employed in a group is now reduced by the
weakening of cohesion between neighbours:

Qall, group single member — Qall,single Xn= 1069,12 kN x 0,7343 = 785,05 kN

The modified individual resistance value of 785.05 kN must not be exceeded by the
actual maximum load from the superstructure or gravity. The engineering procedure for
analysing load propagation factors and maximum pile foundation reactions (biaxial
distribution) aims to consolidate the total vertical static forces of the structure alongside the
load from the giant beams. Once again, all inertia quantities must be evaluated using the safety
factor (divided by SF 4.0) in a straightforward and linear manner at the outset. Essential steps
for compiling and reducing design loads (Equivalent Design Loads):

o Passive Volume Weight of Pile Cap (Wpc)
Wpc = Area x Thickness X Yconcrete
Wpc = 345,96 m? x 3,0 m x 24 kN/m> = 24.909,12 kN

° Final Equivalent Gravitational Force (V design)

149079 KN = 24.909,12 kN
Vdesign = 20 + 20 =9.954,255 kN

. Equivalent X-axis transmission moment (Mx)
Mux is the neutral axis of rotation moment X translated from the shear wall threshold to
the base contact foundation of the pile. This effect increases the overturning torque due
to the displacement of the shear force vector (Vraw) along the depth of the pile cap (3.0
m).

770,31 kNm _ [968,6 KNm
Mx, base = + (

x 3,0 m) =919,0275 kNm

. Equivalent Y-axis Transmission Moment (May)
May is the shear force assumed to act fully on the dominant perpendicular axis Y,

therefore only affecting the parallel moment X).

My, base = S22 = 126,0875 kNm

Load distribution to each of the sixteen concrete support pillars using a thick elastic

plate distribution formulation where the angular deflection of the column is directly
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proportional to the eccentricity of the column's centre of gravity relative to the dominant axis

of rotation. Rigid plate equation formulation for Column Reaction i (P1):

Pizvdesign + Mgy .yi + Mgy xi
n Yy? xx?

The coordinates of the centric lever arm of each drill pile arrangement (xi and yi) were
surveyed with reference point 0.0 located precisely on the pile cap symmetry axis. Since the
total length is the distance of three spaces (4.2 x 3 = 12.6 m), the position of the pile ordinate
is on the scale: -6.3 m, -2.1 m, +2.1 m, and +6.3 m. Table 80 below presents the integration

of the spatial polar moment coefficient.

Table 80 Evaluasi Kuadrat Momen Inersia Jarak Susunan Tiang dari Pusat Simetri (Meter)

Centric Square Cumulative Sigma
Row/Column Arm Pole Frequency Distance of Squared
Grid Cluster | Length (xi | on Identical Axes | Execution Distances (Xxi2
or yi) (xi2 or yi2) atau Xyi2)
Outer Frame 8 poles (4 poles , | 8x39.60=317.52
. . +6,3m per opposing 39,69 m )
Line (Sides +) m
boundary frame)
Inner Frame 8 poles (4 poles 2 _ )
Line (Sides +) £2,1m per centre side) 441 m 8x4,41=3528m
Total Radial Divider 16 Tiang 2
Parameters (Y x* = y?) Formasi ) 352,80 m

The largest absolute compression deformation surge (Pmax) must be borne by the pillar
located at the extreme end of the rotation radius (the point with the outermost simultaneous
coordinate substitution: x =+6.3 m and y = +6.3 m). Dynamic constant substitution produces

the critical pillar support reaction value:

9.954,255 kN

° Centred Axial Load = e

= 622,141 kN per pole.

919,0275 x 6,3
352,80

126,0875 x 6,3
352,80

o Compression Distortion due to Moment X = =16,411 kN

. Compression Distortion due to Y Moment = =2,252 kN

Maximum Extreme Reaction Result (Pmax):

Pmax = 622,141 + 16,411 + 2,252 = 640,804 kN
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14.2.4.2 Verification of Foundation Stability Safety

Performance feasibility control compares the produced extreme reactive force with the
reduced safety capacity of the soil group block efficiency: Operating Limit Conditions: Pmax
value = 640.804 kN is smaller (<) than the group resistance value Quall, group single member = 785,05
kN

This differentiation confirms empirically that the grid model, pile cap thickness,
diameter, and elevation length of friction piles in Palu soil perform perfectly and are highly

conservative within the limits of GEOTECHNICAL ENGINEERING SAFETY.

14.2.5 Mechanical Analysis of Strut-and-Tie Model (STM) for Deep Pile Cap
Foundation Blocks Based on SNI 2847:2019

The construction of a giant 3,000 mm thick concrete foundation slab deviates from all
classical linear mechanics principles. The comparison of the shear-to-depth ratio (a/d) in the
PC2 pile cap falls within a very small ratio range. This classifies the pile cap as a Discontinuity
Region or D-Region according to standard nomenclature, where the cross-sectional strain
distribution does not vary linearly along the depth axis, thereby invalidating Euler-Bernoulli's
law. Therefore, the revolutionary concrete technical manual SNI 2847:2019 Chapter 23
instructs design mitigation using lower-bound plasticity theory with the Strut-and-Tie
Modelling (STM) approach.

STM modelling works by breaking down the abstraction of a 3-dimensional solid slab
into a form of imaginary structural truss network within the concrete matrix. This conceptual
approach divides the energy transmission mechanism into three primary constituent elements:
pure concrete vertical compression struts, pure steel longitudinal tension ties, and nodal zones
that connect the fusion between these strain paths. Compressive energy is focused obliquely,
spreading like the rim of a bottle cap from the upper pillar base to the lower pillar anchor
point that bears the tensile load. This modelling dictates and lays the absolute foundation for
determining the size of the nodal bearing strength and the accumulation of the tonnage of the

bottom layer of steel reinforcement wire assembly.

Extraction of Geometric Elevation and Correlation of STM Node Arm Configuration
J Vertical cross-section of pile cap slab block (T) = 3,000 mm.

o Corrosion protection layer of concrete base (cc) = 75 mm.
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. Estimated projection of the use of the main support reinforcement profile diameter D29,
which is arranged to form an overlapping matrix for the orthogonal axes X and Y.
J Determination of the central ordinate of the distance between the centre of the outermost

composite reinforcement fibre and the end of the broken tensile concrete fibre (d').

29m

2 ™ (as inner layer) = 118,5 mm

'"=75 mm + 29 mm (outer layer) +

o Effective Tie Depth (d)
The gross thickness of the outer cover is reduced, resulting in 3,000 mm - 118.5 mm =
2,881.5 mm (operationalised as =~ 2,881 mm for nodal analysis).

. Horizontal Shear Span Projection (a)

This shear strain range illustrates the displacement path from the farthest edge of
the upper shear wall casting to the centre of the bored pile cylinder shaft at the lower
extreme edge. Orthogonal projection simplifies the 3D lateral slope span to a 2D flat
dimension. Given the symmetry axis boundary 6.3 metres from the plate axis, and the
protruding end of the shear wall retaining plate face ranging from 3.0 metres, the
difference in the outer circumference transfer is rationally projected to be at a lateral
distance ratio of =~ 4.0 metres (as the basis for the furthest orthogonal extrusion
distance).

. Inclusion of Strut Push Arc Angle ()
Serves as a guideline for the geometric suitability of energy dissipators. The angle of
orientation is determined as a logarithmic trigonometric parameter between the vertical

depth (d) and the horizontal spatial spacing (a):

2.881,5 mm

d
0 = arctan(;) = arctan( 2000

) = arctan(0,720) = 35,77°

According to the conclusive provisions of SNI 2847:2019 Chapter 23.4, the efficacy of
the angle of pure diagonal compression support elements is believed not to slip beyond
collapse if the slope limit crosses the upper threshold of the minimum support ratio 6 >
250. The design specification of a high-angle blooming model of 6 = 35.8° verifies the
legitimacy of the STM frame's mechanical architecture as a solid force trajectory

damper that is absolutely efficient at damping flexural distortion.

Nodal Compression Check
The next crucial principle of strut-and-tie architecture requires that the mass of solid
concrete material at nodal intersections (zones where compressive and tensile elements are

concentrated and conflict) must not exceed the crushing failure phase. Precise inspections are
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intensified at the C-C-T (Compression-Compression-Tension) nodal zone—namely, the

concentrated block area located directly above the surface fusion platform of each bored pile

at the base of the pile cap.

The reduction value of the equivalent nodal voltage modification penalty for C-C-T type
nodes (Pn) according to the restrictive guidelines of SNI 2847:2019 is calibrated to a
value of B n = 0.80 (this occurs as a result of internal disturbances caused by the
transverse tie wire being pulled in one direction, tearing the surrounding concrete
network).

The ultimate structural material capacity reduction coefficient under shear element or
static STM regime (¢) is absolutely tapered by 0.75.

The maximum nominal stress tolerance limit of compressed concrete allowed
empirically on the cross-section of the track node (fce) is calculated as

foe = 0,85 x By, x fc' = 0,85 x 0,80 x 35 MPa = 23,80 MPa (atau N/mm?).

Area of Projection of Nodal Contact Surface Area (Anode)

This transfer latitude area is calibrated to be equivalent to the area of a circle with a
diameter of 1,200 mm.

Anode = X 0.25 (1.200 mm)? = 1.130.973,35 mm?

Total Resistance Capacity of Optimal Compression Node Durability (¢)Pn)

¢Pn = ¢ x fce X Anode = 0,75 x 23,8 MPa x 1.130.973,35 mm?* = 20.187.868 N
¢Pn=120.187,8 kN

Clinical analysis shows that the thrust stress on the lower face of the node exceeds a

fantastic 20,187.8 kN. The calculated massive resistance figures skyrocket asymmetrically,

crushing the extreme operational pressure of the force from the strut arm reproduced by the

peak resistance of a single pure column load (the raw peak value is at Pmax = 640.8 kN). This

diagnostic computational synthesis confirms the real conclusiveness of the impossibility of

the occurrence of localised bearing crushing phenomena in the base connection zone of the

column with the foundation block. The safe limit bearing criteria are met with a very special

level of safety assurance.
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14.2.6 Exploration of Main Reinforcement Design (Tension Tie), Resolution of Shear
Split Skin Reinforcement, and Anchoring Requirements

The dominant and most widespread collapse mechanism of deep pile cap foundation
structures is the propagation of flexural splitting failure or vertical tensile stress splitting
failure. The shear force and bending reaction stress paths that act at the base elevation of the
massive concrete slab are fully converted to be addressed by a tension ties network.

As a facilitation and compromise to the binding of the 3D fictitious tensile frame static
model, the engineering study is reduced to a quasi-2D abstraction projection that prioritises
calculations on the equivalent reaction transverse axis of the heaviest portion. The solid beam
of the pile cap foundation cross-section is pulled by an imaginary line along the midpoint of
the block, resulting in the simultaneous translation of the aggregate energy of the combined
reaction of the outer supporting pillar elements (referring to the aggregate contribution of n =
8 clusters of extreme pillars supporting the outer lateral reaction).

o Accumulation of reaction centres driving plate edge elevation (Vside)

Conservatively multiplying the most severely affected limbs, namely:

Viside = 8 tiang x Pmax = 8 x 640,804 kN = 5.126,43 kN
. Horizontal Tension Modulus Capacity (Ultimate Tie Force, Tu)

Recalibrating from the acute-angled trigonometric static structural framework, the

power resolution splits the horizontal transverse bond tensile force at the nodal

intersection orbiting towards equalisation:

_ Vside _ 512643 _
tan®  tan(35,77°) 7.119,75 kN

In order to respond to the longitudinal tensile strength of seven thousand kilonewtons,
a recapitulation of the cross-sectional area of high-tensile steel material with a ratio of 550
MPa is recommended to prevent yielding below the minimum theoretical cross-sectional area

calculated using the yield formula:

As,req STM = _y == 17260,0 1’1’11’1’12

However, specific contemporary SNI concrete regulatory standards covering massive
deep beam cast volumes such as this declare other criteria. Very massive cross-sections trigger
latent heat explosions from hydration release and violent thermal material shrinkage cracking

phenomena. The standard rules prohibit the placement of aggregate with an actual area of
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reinforcement that is at the threshold of deterioration, which is more vulnerable than the
benchmark parameters for volumetric crack prevention and shrinkage fluctuations (minimum
thermal-shrinkage control bounds). Under the command of thick plate regulation literature
writing, the minimum basic protective limit index of thick foundation plate elements (pmin) s
standardised as a constant at a fraction of the area strain value of 0.0025.

As,min = ppin X Bwidt x d = 0,0025 x 18.600 mm x 2.881 mm = 133.966,5 mm?

The contrasting conditions appear very sharply; the extensive demands of volumetric
crack reinforcement due to the dimensions of the giant concrete aggregate chunks (133,966.5
mm?) explode, cancelling out the urgency of the small theoretical area of pure static STM
(17,260.0 mm?). The magnitude of thermal shrinkage regulation on the concrete cubication of
approximately one thousand cubic metres becomes the governing parameter that dictates the
final execution. The architectural specifications of the absolute reinforcement matrix must
comply with and use the As,min benchmark quota threshold. The assembly engineering
utilises standard industrial profile spiral reinforcement of prime quality, giant dimensions
D29:

o Projection of the absolute cross-sectional area of a single circular rod (Abar)

Abar = 1 x 0.25 (29)* = 660,5 mm?

J The required frequency quota for iron crossbars is arranged in parallel in a giant

footplate (Npar)
Nbar = —o2e® = 2()2,8 batang
660,5

A conservative functional rounding was performed to make the total number of steel
bars even at 204.
o Organising the spacing of the free gap between one installation and another to a radius

equal to the width of the 18.6-metre footprint area.

18.600 mm

—————=91.17 mm
204 baris batang OLI17

S tulangan net =

Installation of operational gaps at a constant spacing of 90 mm

The arrangement of the D29-90 mm primary horizontal reinforcement matrix woven
steel mesh must be assembled in identical pairs and applied in a two-pole assimilation;
extending uniformly to form a protective base crossing the X orientation transverse direction
and hanging across the Y rail movement vertical direction. This giant orthogonal double-layer
cross-woven mesh is dedicated to protecting against the propagation of internal twisting

bending stress from the asymmetry of the wall elements.
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14.2.6.1 Detailed Specifications for Skin/Bursting Reinforcement

In STM modelling of deep mass concrete pile cap tracks, the stress columns of dense,
centrally compressed, inclined projectile struts (concrete struts) are not linearly distributed in
a static cylindrical manner; as it travels through the three-metre depth of the foundation
matrix, the strain path ejects an expanding, blooming movement outwards from the centre of
its axis towards the loose end of the node. This posture is termed the bottle-shaped struts push
pillar formation. The widening effect of the strain route flow waist triggers a bursting tensile
force that cuts orthogonally perpendicular to the direction of the compressed solid energy line.
If the intensity of the bursting tensile stress is capable of exceeding the static capacity limit
of the unreinforced concrete aggregate, the strut formation will collapse and cause the sudden
collapse of the slab block. Through the SNI 2847:2019 engineering standard, the mitigation
of this mechanical tear deviation anomaly is instructed through the injection of horizontal and
vertical wire reinforcement baskets that neatly wrap around the area of the crack split.

This secondary engineering safety measure takes the form of installing a protective
mesh frame for vertical reinforcement stacked horizontally across the cross-section with a
conventional diameter of D16 (standard melt quality fin profile fys = 280 MPa with tensile
area capacity (Av =0.25 n (16)2 =201 mm?). The reinforcement section ratio of the protective
mesh arrangement (for vertical and horizontal shear resistance parameters in thick walls of
separate discontinuous elements) requires a minimum wire retention ratio of 0.0025.

The regulations specify that the protective section of the gap between the skin support
struts must not be stretched beyond the empirical space limit of a maximum parameter of <
300 mm, in addition to the functional technical requirement of a maximum partial section
height spacing parameter of d/5 (approximately 576 mm). To neutralise the hydration
temperature of 3-metre-thick concrete progressively in the Palu climate and to curb bottle-
shaped strut splitting, the report specifications recommend the use of D16 - 150 mm edge
reinforcement cross-grid assemblies. This tightly woven cage mesh is evenly cross-stitched
to clamp the outer interior wall covering along all four boundaries of the side facade of the

foundation.

14.2.6.2 Requirements for the Development Length Anchorage, lan

As a refinement of the pressure transfer mechanics of the fictitious tension tie rod

element (main matrix D29 - 90), the steel retaining element is required to inject its anchorage
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into the solid matrix fusion in the intersection area of the outer concrete (the location of the
fusion base of the C-C-T node junction precisely at the roof edge of the bored pile body
section) before its tensile energy wire mesh is ejected from the edge of the concrete foundation
structure cover. The width of the outer edge of the protective plate or clear edge confinement
zone, which has been determined at a boundary spacing of 3.0 metres parallel to the edge of
the perimeter of this pile hole, has been analytically designed to be sufficiently thick to
facilitate the absolute requirement of mechanical iron friction anchorage (anchorage slip
spacing).

Calculation of the depth of the hooking length of the joint straightener (hooked
development length, 1dh) is calculated for super-grade D29 MPa bars with a patented bend
parameter of a standard angle of rotation of 900, which is estimated to absolutely not consume
the length allocation above the exterior tolerance radius limit of the remaining plate end as far
as three thousand millimetres (3,000 mm) beyond the edge of the node. The results of this
analysis validate the empirical fact that the architectural structural engineering of the solid
mass of the cubic pile cap slab with an area of 18.6 m x 18.6 m performs absolutely superior
in neutralising the tendency to tear due to the slippage of the pullout tendon anchorage (pullout
tendon anchorage slippage mitigation).

At the end of the protection engineering chain, the protective cover of the bottom
foundation slab concrete plate is maintained with a rigidly installed layer thickness in a clean,
hollow position with a minimum thickness of 75 mm. The base cover is separated from
sediment exposure by a functional concrete pad, a basic unreinforced layer on the surface
stratum of the original clay mud excavation trench floor (lean concrete screed layer blinding).

This serves to fortify against creeping primary sulphate corrosion.

15.2.1 Synthesis of Conclusions Profile of Design Results Technical Specifications for
PC2 Foundations

As a conclusion and final summary of the mathematical mechanics derivation process
and comprehensive geotechnical engineering rock parameter evaluation fusion articulated in
accordance with the normative regulatory legal specification guidelines of national standards
SNI 8460:2017 and SNI 2847:2019, a conclusive summary of the reference elements of the
system design specification package for type 2 deep foundation pile caps on shear wall pillars
(PC2) specifically for a ten-storey functional standby hospital building in the Palu area has

been conceptually finalised without any calculation parameter flaws. All architectural
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engineering is arranged with high precision, as shown by referring to the classification

indicator guidelines in the specification resolution table below. The layout architecture and

material capacity coding proposed in the proposal formulation are firmly bound by the

commitment to the tolerance level parameters of the domain of certainty of seismic safety

mitigation of fatal damage to the maximum level of extreme bending deformation I. which

adjusts the fluctuations in turbulent static response damped by total exceeding its resistance,

depending firmly on the basis of the standard protection fortress of the absolute highest

compromise safety capacity modification (Safety Factor Power Reduction) SF = 4.0, evenly

and comprehensively across the entire spectrum of the vector series matrix of the quantity of

analytical calculation operations in this technical report.

Table 81 Recapitulation of PC2 Foundation Specification Dimensions

Component Parameter
Classification Indicators

Geometric Dimensions
Specifications Quantity of
Dimensions Produced

Basic Matrix Legal Basis

Reference for Evaluation

Rationalisation of Critical
Static Engineering

Geometric Criteria for Bored Pile Barrels (Cast-in-Place

Piles)

Fusion Capacity
Operational Support Peak
Dynamic Support Force
Resistance

Pure Friction Skin Pile
Mechanism

In accordance with the
mandate for liquefaction
hazard protection SNI
8460:2017 & Rationalisation
of a Analytical Profile
Methodology for Soft Clay
Rock Layers with a Test
Indicator of Cu = 27.5 kPa

Dimensions Centre Line
Dimensions Barrel
Diameter Shaft Diameter

(D)

1,200 mm (1.2 metres)

It is necessary to meet the
quota for the provision of the
coverage ratio of the extensive
massive concrete matrix
traction blanket contact area
shield volume.

Penetration Depth Base
Elevation Birth Elevation
Soil Penetration (L)

75.0 metres of steep vertical
penetration into the core of
the lower alluvial stratum
matrix structure beneath the
earth's surface.

Meet the calculation of the
compensation guarantee for the
width of the SF mobilisation
safety area, which is equivalent
to a guaranteed constant static
solid damping reduction of 4.0.

Quantity Cumulative
Number of Formations &
Frame Arrangement
Patterns Configuration

Centred in a compact group
of 16 piles. (Layout pattern:
symmetrical balanced
square proportional 4 x 4
grid matrix frame)

Anticipatory stability of double
rotational bending moment
distortion (Biaxial Torsional
Stress), Elimination of Seismic
Moment Collapse Risk
Propagation Reduction of
Lowest Point Capable of
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Component Parameter
Classification Indicators

Geometric Dimensions
Specifications Quantity of
Dimensions Produced

Basic Matrix Legal Basis

Reference for Evaluation

Rationalisation of Critical
Static Engineering

Penetrating SF4 Reduction
Number.

Criteria for Grouping Cutting Arrangement of Plate Blocks Cubic Body Geometry

Dimensions of Pile Cap PC2

Resolution on the
Determination of the
Coordinate Point of the
Central Pivot Point of the
Centre of Mass Rotation
(Spatial Centroid Pivot
Point)

Locked at abscissa X =
1.894 m parallel to the
horizontal axis; intersecting
perpendicularly with the
longitudinal ordinate Y =
0.894 m

The coordinate layout of the
axes is forced to overlap and fit
precisely to the centimetre with
respect to the central pillar of
inertia of the asymmetric axis
of rotation of the gravitational
centre of the basic Shear Wall
structure, which has a patented
L-shaped corner element.

Radius Span Size of Safety
Separation Distance
Between Pores of the
Central Axis of the Drill
Pile(s)

Limited to a safe range of
4.2 metres horizontally
(absolute proportionality
following the formula for
multiplying the constant
radius coefficient by a ratio
of 3.5D)

Restraint elimination of
intrusion rejection of the
collision intersection
accumulation zone of the
concentration of stress
weakening of the curve of the
shear block friction cross-
section of the inter-pillar
tension balloon

Clear Border Offset Edge
(c)

The boundary outside the
circular radius is set at a
hollow space 3.0 metres
long outside the cylinder
boundary (absolute
minimum consensus
proportional to the radius
benchmark of the
measurement range of the
equivalent magnification
scale minimum standard
distance of 2.5D)

Providing a guarantee for the
spatial allocation of the port
zone, bridge retaining area,
anchor hook, locking belt,
anchor wire rope, D29
threaded iron end. (Hook loop
anchorage containment room)

Allocation of Total
Dimensions Area Projection
Perimeter Footprint Overall
Boundary Dimensions
Outer Lines Perfect Square
Solid Exterior Block
Extreme Plate Area Pile Cap

The cube base spans the
width of the base dimension
as far as the area parameter
of the side line along the
boundary span of 18.6 m x
18.6 m, equivalent to the
horizontal length of a
balanced square side with
square precision

External frame size of the outer
boundary wall matrix, outer
fence, container block, cover,
wide perimeter allocation,
allocation of the location of the
16-head pillar foundation
configuration, pillar
configuration, matrix
arrangement, 4 x 4 order
matrix arrangement.

Dimension Quantity Height
Size Depth Elevation Drop

The thickness of the
extremely dense concrete

Approval of flexible fracture
mitigation guarantees complies
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Component Parameter
Classification Indicators

Geometric Dimensions
Specifications Quantity of
Dimensions Produced

Basic Matrix Legal Basis

Reference for Evaluation

Rationalisation of Critical
Static Engineering

Thickness of Concrete
Block Physical Depth of
Block Foundation Body
Concrete (Mass Structure
Cap Thickness Foundation
Height T)

protrudes to a cubic size as
high as the thickness of the
pure solid elevation
dimension, with a thickness
of 3,000 mm (3.0 metres).

with SNI specification
compliance regulations
governing the behaviour of
cross-sliding two-way
asymmetrical plate penetration
hole rupture control. (Biaxial
Punching Shear Cone
Resistance Mitigation) in
addition to accommodating the
prerequisite volume
requirements of the theory of
discontinuity blocks,
mechanical element
simulation, truss strain
calculation solutions, bridge
transfer routes, and mechanical
matrix Deep Discontinuity
Beam Analogy Structural Node
Model Strut and Tie System
Constraint Parameter.

Criteria for the Preparation of Quantification of Reinforcement for Structural
Reinforcing Steel Reinforcement for Foundation Core Layers of Buildings with Solid
Reinforcement Frames SNI 2847:2019

Flexible Reinforcement
Assembly Dividing the
Bottommost Layer of the
Main Weave Base Field X
Dividing the Horizontal
Axis Matrix Dividing the
Primary Flexural Strain
Arrangement of the Bottom
Layer Main Transverse
Trajectory Pure Crossed
Orientation Bottom Extreme
Point Parallel Matrix (Axis
X)

Adopting a series of super
high-strength wire rod steel
bar assemblies with pure
yield stress parameters,
special technical
specifications for yield
strength, and a pure
diameter of D29, with a
regular cross-section of 90
mm between the studs of the
cavity control bar.
(Qualification classification
of steel quality resistant to
tension, minimum yield
strength, fracture test
benchmark, bending strain,
thread ratio, modulus of
rupture, industrial fy
minimum absolute specific
is at the minimum yield
strength size in high
industrial standards, specific
ratio reaches the minimum

Requirements for compliance
with reference parameters for
resistance limiters, lock-in
barriers, ratio of minimum
qualification strain, shrinkage
prevention, temperature
reduction, expansion
protection, temperature strain
safety, heat crack protection,
shrinkage limiters, shrinkage
due to propagation, vapour
release, hydration heating, cast
block volume, casting material,
casting plate, solid concrete
matrix massive block
structures that are more crucial
in determining the area of the
breaker bar exceeding the static
tensile limit calculation of the
tensile stress model of the tie
bar restraint
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Component Parameter
Classification Indicators

Geometric Dimensions
Specifications Quantity of
Dimensions Produced

Basic Matrix Legal Basis

Reference for Evaluation

Rationalisation of Critical
Static Engineering

fracture strength
measurement fy, super
impact resistance standard,
impact resistance level 550
MPa, heavy steel
construction class, high
factory test fy absolute 550
MPa)
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CHAPTER XV
SHEAR WALL (SW) PLANNING

15.1 Introduction and Methodology for Dual System Sliding Wall Planning

The structural design of a 10-storey hospital building in Palu City requires a high level
of analytical approach that accommodates the potential for extreme seismic hazards. Based
on the analysis of site-specific CPT-based geotechnical characterisation parameters, the Palu
region is classified as Seismic Design Category (SDC) D with a short-period design spectral
acceleration (SDS) parameter value of 0.8 g. This significant level of earthquake threat
requires the application of a Seismic Force Resisting System (SPGS) with maximum ductility
and energy dissipation capacity. Therefore, this structure is designed using a dual system,
which is a synergy between a Special Moment Frame (SMF) and a Special Structural Wall
(DSK) based on reinforced concrete.

In the dual system design philosophy according to SNI 1726:2019, there is a complex
mechanical interaction between the open frame portal and the rigid shear wall. The moment-
resisting frame is designed to independently bear at least 25 per cent of the total seismic design
base shear force, while the structural shear walls are designed to bear the remaining lateral
shear force in proportion to their relative stiffness to the overall structure. The shear walls in
this project are not merely architectural boundary elements, but rather the main backbone that
prevents excessive lateral deformation (excessive drift) that can cause damage to the highly
sensitive non-structural elements of the hospital, as well as ensuring the achievement of a
predictable collapse mechanism (capacity design) during a strong earthquake.

The complexity of the calculations in Chapter XV focuses on Special Structural Wall
elements with an L-shaped flanged wall cross-section configuration. Cross-sections with
orthogonal flanges such as these pose analytical challenges that far exceed those of
conventional planar (square) shear wall calculations. Winged walls are prone to shear lag
phenomena, asymmetry of the principal neutral axis, torsional distortion due to eccentricity
of the centre of mass and centre of stiffness, and severe stress concentrations at re-entrant
corners. To accurately capture all these phenomena and design reinforcement that complies
with SNI 2847:2019 and ACI 318-19, the manual calculation methodology in this chapter
cannot rely solely on a global force approach. Therefore, the systematic workflow described
below will integratively combine two output data matrices from finite element modelling

using ETABS software, namely Macro Data (Pier Forces) and Micro Data (Shell Forces).
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15.1.1 Material Parameter Characteristics and Geometric Dimensions

Before executing cross-section capacity calculations and detailing steel reinforcement,
the basic cross-section design parameters must be precisely defined. The material parameters
for these shear walls adopt high-quality specifications that are aligned with the latest standards
to mitigate the phenomenon of reinforcement congestion, which often occurs in earthquake-
resistant structural elements.

Table 82 below details the fundamental planning data that forms the basis for all

mechanical evaluations in this chapter, complete with justifications for parameter selection

based on building code provisions.

Table 82 Shear Wall Planning Data Details

Parameter Design Value | Unit Technical Justification and SNI/ACI

Categories | Parameters Code References
Meets the minimum limits of SNI

. 2847:2019 for special earthquake-
Cylinder . .
Concrete . resistant elements (min. 21 MPa).
. Compressive | 35 MPa . . .
Material Provides high elastic modulus and
Strength (f'c) . .

crucial compressive strength at
boundary elements.
Uses BjTS 550 steel grade (BjTS 550)
with a diameter of 25 mm. The adoption

Steel Flexural Yield of BjTS 550 is permltteq by ACI 318-19

. 550 MPa to reduce longitudinal reinforcement

Material Stress (fy) s o
congestion, facilitate concrete flow
(workability), but requires more careful
calculation of the distribution length.
Using BjTS 280 steel grade with a
diameter of 14 mm for hoops. This

Steel Shear Yield 730 MPa lower grade was deliberately chosen to

Material Stress (fyt) ensure the highest material ductility
(maximum elongation) when restraining
concrete in the post-flow phase.

Cross- Wall A constan‘t thickness (25 c¢m) is applied

. . to the horizontal body segment and
Section Thickness 250 mm . .

Geometry (tw) vertical wing segment for ease of
formwork.

Cross- Horizontal Functions as the main wall body (web)

Section Segment 6000 | mm when seismic forces act along the X-

Geometry Length (Iwx) axis.

Cross- Vertical Fur}ctlons as a wing (ﬂange) ina rlght-

. facing L-shape configuration. Provides
Section Segment 4000 | mm : .. Lo . :
Geometry Length (Iwy) massive additional inertia against Y-axis

overturning moments.

Author: Yoda Karunia Kuntoro, B.Eng.




345

Parameter Design Value | Unit Technical Justification and SNI/ACI
Categories | Parameters Code References
Floor-to-Floor Clear height between floor slabs that
Structural . . i !
Geometry Height 3300 | mm determines the clear'spacmg of stirrups
(hstory) and local wall buckling checks.
Structural Total Wall 33000 | mm Total height for 10 floors. Classifies the
Geometry Height (hw) slenderness ratio of the wall.
Clear distance from the outer edge of
Steel Concrete 20 mm the concrete to the outer surface of the
Protection Cover (cc) shear reinforcement/stirrups for interior
corrosion protection.
System amplification factor to anticipate
Earthquake | Strength 25 i ultimate shear forces acting on the
Load Factor (Q0) ’ ductile collapse mechanism in
accordance with SNI 1726:2019.

Table 82 above validates and explains the advanced design approach adopted by the
planning team. The selection of 25 mm diameter BjTS 550 (BjTS 550) steel for the main
flexible reinforcement is a direct response to the construction challenges of 25 cm thick wall
elements. Based on ACI 318-19, which includes provisions for the use of high-strength steel
up to Grade 100, the use of BjTS 550 significantly reduces the area of steel required (As),
thereby avoiding the formation of steel walls that hinder the penetration of maximum-sized
concrete aggregates during casting. On the other hand, the contrasting selection of BjTS 280
steel grade for transverse reinforcement (14 mm diameter stirrups) is highly rational; steel
with a lower yield strength has a longer plastic strain capacity, making it ideal for forming
135-degree seismic hooks and providing solid confinement to the concrete core without the

risk of brittle fracture.

15.1.2 Relevance and Integration of Macro Data (Pier) and Micro Data (Shell)

The classical methodology in the design of shear walls often only extracts the global
forces of the wall cross-section (as a single column/pier) from its centre of stiffness. However,
for the L-shape geometry in KDS D, this conventional approach has the potential to ignore
critical local stresses that can trigger premature collapse. Therefore, this manual calculation
procedure structures the analysis into two complementary domains: Macro Data and Micro
Data.

Macro Data (Pier Forces) summarises the axial force (Pu), integrated shear force (Vu),
and overturning moment (Mu) per floor level. The data, organised through a combination of

governing loads in an Excel file, is a mathematical abstraction that assumes the L-shaped wall
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behaves as a single giant cantilever column. This macro approach is essential and prioritised
for verifying the global shear capacity, evaluating the longitudinal reinforcement ratio against
the 3D P-M interaction diagram, and determining the range of Special Boundary Element
requirements on the outer cross-section fibres.

Conversely, Micro Data (Shell Forces) reveals the reality of stress flow in elements per
square metre of wall. ETABS software, which models walls using shell elements, produces
membrane data (in-plane) and flexible plate data (out-of-plane) at the nodes of the meshing
grid. Micro data such as Fi1, F22, and F1» are absolutely necessary to detect the distribution of
axial and shear forces along the non-linear body (web) of the wall. In a winged cross-section,
vertical shear is not perfectly uniform, but rather concentrated in the transition zone between
the wing and the body. This micro data will be used to precisely design the web reinforcement
ratio specifications at critical points, as well as to verify the adequacy of the 25 cm cover

thickness against the diagonal compressive stress of the concrete.

Isometric Diagram of L-Shaped Shear Wall: Macro-Pier vs. Micro-Shell Force Representations
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Figure 46 Conceptual Comparison of Macro Force Distribution (Pier) and Micro Force
Distribution (Shell) in L-Shape Shear Wall Finite Element Modelling

15.2 Breakdown and Interpretation of Internal Forces in Shear Walls (Shell Output)

To perform local stress calculations, Shell Element Internal Forces data extracted from
ETABS must be interpreted into applicable material mechanics units. These forces are
presented in the format of force per unit length (kN/m) or moment per unit length (kN-m/m).

Given that this data is the output of a dual system modelling post-modified cracked section
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properties (cracked section modifiers of 0.35 Ig for f11 and f22), these extreme values are
highly representative of the actual behaviour of the wall when subjected to seismic spectrum

acceleration.

15.2.2 Recapitulation of In-Plane Membrane Forces (F11, F22, F12) and Principal
Stresses

The membrane force operates parallel to the axis of the shell element plane. Local axis
1 generally refers to the horizontal direction, while local axis 2 refers to the vertical direction
of the building. These local axes determine the contribution of stress to the longitudinal and
transverse reinforcement requirements. Table 83 below presents the mapping of extreme in-
plane forces and their direct conversion into material stresses occurring in wall sections with

a thickness of 250 mm.

Table 83 In-Plane Style Mapping and Conversion

Shell Style | Description of Force / Minimum | Maximum Extreme Actual
Identity Direction of Work Value Value Stress on 25 cm
(kN/m) (kN/m) Wall (MPa)
. . . - Compression: ¢ =
Fin E‘;ﬁfomal in-plane axial 4 596 73 (1T3a 23{’?67 1.596 /250 = 6.38
(Tekan) MPa
. . - Compression: ¢ =
Fa yerticalin-plane axial | 7 983 616 89;3(’)337 7.983 /250 = 31.93
(Tekan) MPa
In-plane shear force Shear: vu=2.369 /
Fi (plane shear) -2.264,39 1 2.369,82 250 = 9.48 MPa
Maximum principal .
) Tension: ot = 1.498 /
Fwmax membrane stress (Main - 1.498,91 250 = 5.99 MPa
Tension)
Minimum principal Compression: 6c =
FMin membrane stress (Main -8.556,46 | - 8.556 /250 =34.22
Compression) MPa
. . Equivalent stress:
Fvm Von Mises equivalent - 8.292,14 | 8.292/250=33.16
membrane force MPa

Through the membrane force table 83 above, there are several crucial findings that will

dictate future design strategies. First, the vertical axial force (F22) shows extreme oscillations,
which are a manifestation of the structure's overturning moment. On the side of the cross-
section that was compressed due to lateral seismic forces, the force reached -7,983.616 kN/m,

which when converted to the area per running metre (50 mm x 1000 mm) resulted in a
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compressive stress of 31.93 MPa. This value is very close to the specified pure concrete failure
limit of f'c = 35 MPa. This phenomenon proves that the outer fibres of the concrete in this L-
shaped wall cross-section will not be able to withstand melting conditions without massive
confinement. The absolute necessity for the design of Special Boundary Elements is
undeniably confirmed from the outset of this data.

Secondly, the shear value in the field (F12) recorded a peak value of 2,369.824 kN/m.
This shear stress of 9.48 MPa represents a structural anomaly or stress concentration that
commonly occurs in finite element simulations at re-entrant corners or at the intersection of
the foundation footing base. A more in-depth analysis of the implications of F12 on the
minimum thickness requirements for shear walls will be discussed separately in Subsection
15.4. Furthermore, the existence of Von Mises equivalent stress (FVM) at an equivalent value
of 33.16 MPa indicates that the triaxial stress interaction on the concrete membrane is right at
the edge of the yield surface curve of the elastoplastic material. This justifies the designer's
decision to use a crack cross-section property modifier (0.35 Ig) in ETABS, as the wall has

certainly passed its elastic crack limit and begun to mobilise the steel reinforcement.

15.2.3 Recapitulation of QOut-of-Plane Flexural Forces (M11, M22, M12) and
Transverse Shear Forces

Although the natural function of shear walls is to bear in-plane lateral loads, the reality
of L-shape geometry and structural rigidity triggers the emergence of out-of-plane bending
moments and transverse shear (penetrating the thickness of the cross-section). Table 84 below
utilises out-of-plane data that needs to be verified to ensure the stability of the wall web

against lateral bending.

Table 84 Out-Of-Plane Data that Needs to be Verified

Shell Style Description of Force / Minimum | Maximum Unit
Identity Direction of Action Value Value
M Horlgontal out-of-plane | 43,002 44,478 kN-
bending moment m/m
Mas Ver‘qcal out-of-plane | 12218 131,932 kN-
bending moment m/m
Mo Plate  bending  torsion | 4,105 4,596 kN-
moment m/m
Maximum and minimum KN-
MmMax / Mmin | principal moments of the | -122,32 132,086
plate m/m
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Shell Style Description of Force / Minimum | Maximum Unit
Identity Direction of Action Value Value
Via Transverse out-of-plane | 13.857 14,062 N/m

shear (plane 1-3)

Var Transverse shear out-of- 2203,14 219,715 kN/m
plane (plane 2-3)

Vit Maximum resultant 0 219.807 N/m
transverse shear

The correlation between Table 84 above and the performance of web reinforcement is
very direct. The moment M22, which reaches an absolute value of 131.932 kN-m/m,
represents the bending of the wall slab that curves out from its vertical axis, which is usually
triggered by the inertial rotation effect of the L-shape junction where the shear centre and the
plan mass centre do not coincide. This force indicates that the installation of longitudinal wall
reinforcement in the web zone cannot be arbitrarily reduced to the minimum ratio of 0.0025,
but must be positioned in two strong layers to produce a moment arm in the narrow 25 cm
thickness. On the other hand, the transverse shear value of 219.715 kN/m (v = 0.87 MPa) is
still within the tolerance range of conventional concrete shear strength without requiring thick

plate-penetrating stirrups in the central web area.

15.3 Verification of Proportional Geometry and Special Wall Dimension Requirements

Before moving on to the formulation of capacity and reinforcing steel, the first
procedural step in SNI 2847:2019 Article 11.3 and Article 18.10.1 is to validate the validity
of the geometric dimensions of the wall thickness. The design specifies a shear wall thickness

of tw = 250 mm.

15.3.1 Classification of Wall Slenderness Ratio (Aspect Ratio)

The inelastic behaviour of shear walls is categorised based on the ratio of total height
to cross-sectional length (hw / lw). This ratio will determine whether the wall is dominated
by flexural deformation (flexure-controlled) or shear deformation (shear-controlled). Wall
geometry:

J Total height of structure (hw): For 10 floors with a height of 3.3 m, this is 10 x 3.3 =

33.0 m.

. Main horizontal length (Iwx): 6.0 metres.

. Vertical wing length (Iwy): 4.0 metres.
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Reviewing the longest principal axis, the aspect ratio is calculated as:

According to reinforced concrete mechanics literature and Article 18.10 of SNI

2847:2019, walls with a hw/lw ratio > 2.0 are classified as slender walls. This slender wall

classification is highly advantageous as it ensures that plastic hinges will form in a localised

manner at the base of the wall due to bending moments, thereby providing an opportunity for

highly ductile energy dissipation. Furthermore, based on Table R18.10.1 SNI 2847:2019, for

(Iw/bw) = 6000/250 = 24, where this ratio is > 6.0, the vertical segment is confirmed to

function fully as an intact structural shear wall, not merely a wall pier column.

15.3.2 Verification of Minimum Thickness Limits Based on SNI 2847:2019

The selection of 250 mm thickness is not an arbitrary figure, but must go through a

mathematical filter of several articles in the procedures.

1.

Minimum Dimensions of Earthquake-Resistant Structures (KDS D)

For load-bearing walls incorporated into the Special Moment Frame, Section 11.3.1.1
stipulates that the minimum thickness shall not be less than 100 mm or 1/30 of the
unsupported length/height ratio. The unsupported height between floors is 3,300 mm.

3300 mm

fomin = Max (100 mm; ) =110 mm

Geometrically speaking, 250 mm > 110 mm, so structurally speaking, this wall passes
the elastic buckling risk test.
Requirements for Dual System Hook Length Integration

As this is a double system, there are nodes where the SMF beams are joined to
the shear wall body. ACI 318-19 requires that the bearing width be sufficient to facilitate
the standard beam frame hook transfer length (Idh) from the pulled end into the enclosed
jacket. If the beam uses D22 BjTS 550 longitudinal reinforcement, the estimated ldh
length refers to high-quality transfer modifications that may require dimensions of 200
to 250 mm clear. Considering that the 250 mm wall thickness must be cut by a 20 mm
cover on both sides and a 14 mm wall stud, the available clear depth is only 250 - 40 -
28 = 182 mm. These very strict geometric conditions trigger crucial design

consequences: The ends of the beams that frame the L-shaped shear wall may require
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detailing of mechanical anchorage elements (mechanical anchorage or headed bars) or
local widening of the pilaster thickening in the nodal zone to ensure that the SMF

moment fixation does not fail (pull-out failure) before reaching melting.

L-Shaped Shear Wall Web \ T
Beam Longitudinal Ll Conflicting
Reinforcement with Hooks - Reinforcement Hooks
Wll Thickness = 25 em— - | e Yorica 8 patizontal
I N _ — |

A

| j — ]
SRPMK Beam ™ \
f A4 CLASH ZONE: Hooks conflict

Wall Thickness —= {7~ with wall rebar in 25 cm thickness
web= 25cm °/

—A MR -

Figure 47 Critical Evaluation of Clear Depth Availability on 25 cm Walls for Standard Hook
Distribution of Beam Reinforcement Frames

15.4 Web Shear Capacity Design

Shear failure design in special moment-resisting structures equipped with rigidly
controlled shear walls is governed by the Capacity Design concept to prevent irreversible
brittle failure. Shear failure is forced to occur only when the longitudinal flexural
reinforcement has exhausted its capacity to the point of post-yielding and extreme plastic
deformation is exceeded. In this project, the design analysis of transverse shear reinforcement
is compared using two main parameters: evaluation of shear concentration from Micro Data,

and amplified shear design from Macro Data.

15.4.1 Microdata-Based Maximum Shear Stress Analysis (Shell Forces)

Looking back at the area element output in Subsection 15.2.1, it is noted that the maximum
shear force of the wall plane (F12) reached 2,369.824 kN/m. The absolute shear stress that

penetrated the concrete matrix was calculated as:

Vo= Fizmax _ 2.369.824N/m

w= =9,479 MPa
twx 1000 250mm x 1000

Author: Yoda Karunia Kuntoro, B.Eng.



352

The critical test step based on SNI 2847:2019 Article 18.10.4.1 and 18.10.4.4 is to
validate this factored shear stress against the nominal upper shear capacity (Vn,max). This
upper limit is strictly enforced to prevent diagonal compression web crushing, where the
concrete body is crushed under the inclined compression path before the stirrups reach their
yield stress limit. The nominal shear capacity limit of the intact cross-section is formulated as

follows:

Vn,max = 0,83 Vfc Acv

Taking into account the earthquake shear strength reduction factor of ¢ = 0.75, the average

allowable shear stress is:

GVnmax = ¢ 0,83 Vic=0,75 x 0,83 x v/35 MPa = 3,683 MPa

There is a discrepancy in the evaluation results, where the ETABS Output Stress (9.479
MPa) far exceeds the Concrete Destruction Limit (3.683 MPa). In the analytical linear space,
this discrepancy suggests that the wall will break due to shear (shear crushed) and the 25 cm
thickness must be increased. However, empirically, this does not indicate a fatal geometric
failure, but rather evidence of singularity stress (false stress concentration) at the nodal shell
elements at the vertical L-shape intersection and the extremely rigid foundation clamp. In
practical industry, this stress is abstracted by averaging the shear profile along the critical
segment (e.g. along 0.5 lw or equivalent to plastic depth d) to obtain a realistic and logical
shear equivalent.

However, this stress anomaly dictates that we design the horizontal web reinforcement
along the body in such a way that it reaches at least the highest functional density limit before
being hampered by casting issues.

The requirement for the equivalent horizontal stirrup reinforcement area (Av) to
accommodate the transfer of shear forces between panels is formulated in SNI Article 18.10.4
with the minimum longitudinal and transverse reinforcement ratios for DSK p; = 0,0025.

AVpin

= pe tw = 10,0025 x 250 x 1000 = 625 mm?*/m

N

With a 14 mm diameter BjTS 280 with two foot layers (Ab = 153.9 mm2, then 2 D14 =

307.8 mm?2), the horizontal spacing (shorz) is calculated using the inequality:

Shorz < % x 1000 = 492,48 mm
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The standard requires that the web spacing be no more than 450 mm or Iw/5. For the
rigidity of the post-crack mesh against the high Von Mises Stress mentioned above, the design
dictates the installation of 2 layers of D14 horizontal reinforcement with a spacing of 150 mm
(Av = 2.052 mm?*/'m, which records a ratio of p_t=0.0082 > 0.0025). The choice of 150 mm
spacing is highly synergistic for rhythmic locking with the vertical longitudinal reinforcement

to be designed.

15.4.2 Global Shear Design with Strong Amplification (€20) Based on Macro Data (Pier
Forces)

The Special Moment Frame integrated into the Dual System transfers shear forces to
the shear wall body through a diaphragm mechanism. Macro Data Output (Vumacro from the
separate ETABS governing output table) provides a representation of the total base shear force
transformed onto this L-shaped pier.

The most radical paradigm shift in ACI 318-19 for Slender Walls is the requirement to
increase the shear design from the linear elastic response spectrum results. ACI introduces the
dynamic capacity enhancement formula Ve based on the projected yield moment. However,
based on the design parameter basis in the project description, the enlargement procedure is
approached and executed equivalently using a factored loading (governing combination)
amplified by the System Overstrength Factor (Q0) parameter from SNI 1726:2019. The value
Q 0 = 2.5 describes the inelastic capacity reserve (overstrength) that exists before the wall
collapses. Thus, the global equilibrium shear design force (Vgesign) 1s determined as:

Viesain = VU,makro X -QO = VU, makro X 2,5

Furthermore, the nominal shear resistance strength is contributed by the interaction of
concrete compression blocks (Vc¢) and steel mesh tension (Vs) according to the formulation
in SNI Article 11.5.4. The conventional empirical concrete contribution equation is defined

as:

Ve=0,17 AVfc hyan d

Where the effective post-crack bending depth (d) is conservatively taken to be 0.8 lw.
Ve=0,17x1,0x V35 x 250 x (0,8 x 6000) = 1.206,8 kN
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However, SNI 2847:2019 Clause 18.10.4.2 explicitly requires that the contribution of
the shear protection concrete cover Vc = 0 be taken if the shear wall is expected to experience
flexural fatigue at the critical cross-section elevation (base plastic hinge region), AND the
axial force on the wall falls within the elastic tension region. Referring to the extreme F22
data, which recorded a giant tensile axial stress of up to 6,974 kN/m when the overturning
moment dominated, removing the concrete contribution value was the most imperative step
to ensure that this hospital did not collapse.

With Ve = 0, all post-earthquake shear forces are fully supported by transverse
reinforcement steel (stirrups). The universal formulation to dictate the need for stirrups along

the vertical range of the Vu macro cross-section (based on ETABS output) is:

Vs > Vdesain - VUnmakro X 2,5
() 0.75

From this value, the actual distance between transverse reinforcement grids is calculated.:

= Av fyt (0.81 lw)
Vs

This dynamic formulation is then used in sequence by structural planners to ensure that
the 2-layer D14 - 150 mm pattern from the previous Micro Data analysis remains valid,

accommodating the Excel Vu peak amplification value.
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15.5 Planning Longitudinal Web Reinforcement and Two-Way Flexural Reinforcement
(Out-of-Plane)

Exploration of the F22 area revealed extreme tensile and compressive loads occupying
the wing tips and fuselage tips, but in most parts of the web or neutral plane, the stresses were
more moderate. The wall body is responsible for integrating the overall stiffness inertia and

keeping the crack patterns tightly controlled during earthquake invasion.

15.5.1 Minimum Longitudinal Reinforcement Ratio Requirements for Shear Walls

Based on SNI2847:2019 Article 18.10.2, for wall cross-sections with shear stress above
the minimum limit, the ratio of longitudinal web reinforcement area (p_1) must be greater than
or at least equal to the ratio of transverse mesh reinforcement (p t), i.e. minimum p 1>
0.0025. Synchronisation of this ratio is essential in order to mitigate sliding shear failure,
which is a mode of failure in which the wall element experiences a straight shear fracture
plane and slides down its base.

In line with the recommendation of 2 layers of shear mesh steel (D14-150 mm), the
longitudinal reinforcement of the wall is required to use high-quality BjTS 550 bars. The D25
diameter is applied so that the integration of this reinforcement is in line and in harmony with
the thick steel clustering that will be used in the edge elements. The steel cross-section ratio

for two layers of D25 is installed at vertical spacings of 150 mm along the body:

Area per metre of wall: As,long = (2 x 0,25 x 7 x 25%) x (%) = 6.544,983 mm*/m
Mounting ratio: p; = % =0,02618

The web installation ratio of p1 = 0.02618 fantastically validates the minimum
requirements (> 0.0025) as well as the horizontal restraint ratio. BjTS 550 steel will provide
high yield stress and reliable rotational overturning resistance along the entire 6-metre cross-

section length.

15.5.2 Out-of-Plane Flexural Plate Capacity Check (M22)

The L-shaped cross-section with extensions of 6 m and 4 m is constantly subjected to
bending forces on its outer sides as a result of secondary inertia (out-of-plane inertia). Analysis
of the micro output records the highest contact value at moment M22 (vertical plate moment)

of 131.932 kN-m/m.
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In evaluating classical concrete mechanics analysis, we must verify that the 250 mm
thick wall reinforced with a double layer of D25 at this 150 mm point has a bending capacity
(Mn) that exceeds the load.

o Effective height (d)

Wall thickness (250) minus clean cover (20) minus horizontal shear reinforcement (14)

minus half the diameter of the main reinforcement (12.5).

d=250-20-14-12,5=203,5 mm
o Effective tensile steel area assuming outer layer on the tensile side, per metre of spacing:

As=3.272.5 mm?

J Strain limit of concrete block a (Whitney equivalent) from ACI 318-19

Asf 3.272.5x 550
= y, = =60.5 mm
0.85fc'b  0.85x35x 1000
. Nominal bending capacity per metre run (Mn)

Mn=Asfy (d - £)=3272,5x 550 x (203,5 = Z2) x (10)~° = 311,83 kN-m/m

. Factored capacity of out-of-plane plate resistance (¢Mn) with ¢ = 0,9
¢$éMn =0,9 x 311,83 = 280,647 kN-m/m
o Demand/Capacity Security Ratio

MuZZ _ 131,932
dMn 280,647

=0,47=0,60 < 1,0 (Aman)

The above verification definitively dispels any concerns that the shear lag and eccentric
bending moments created by the L-shaped geometric walls could break the vertical plate

before the in-plane double portal ductility is fully activated.

15.6 Planning Special Boundary Elements (SBE)

The phenomenon of structural damage to hospitals and high-rise apartments due to the
collapse of edge boundary walls when shaken by repeated cyclic earthquakes has triggered
strict reforms in concrete confinement regulations. SNI 2847:2019 Article 18.10.6 provides
specific mandates in the form of extreme and in-depth detailing parameters in the Special
Boundary Elements (SBE) or enclosed boundary elements. The existence and area of the SBE
domain are checked using two inspection corridors: Linear Stress-Based Trigger and Inelastic

Displacement-Based Trigger.
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15.6.1 Identification of SBE Requirements: Stress-Based Approach

As stipulated in ACI 318-19 Section 18.10.6.3, if the compressive stress of the outer
fibre of the wall cross-section—which is formulated through the proportional superposition
of axial force and linear bending moment in the uncracked model—exceeds the initial
compressive fatigue threshold value of 0.2 f'c, then the construction of absolute special
reinforcement is required. Comparison of these parameters with ETABS Micro Data
extraction for extreme stress components:

1. Destruction Threshold SBE (0,2 f'c)

Concrete stress f'c =35 MPa.

Critical compression limit = 0,2 x 35 MPa = 7,0 MPa
2. Actual Wall Stress Based on ETABS (F22 Minimum)

The lateral element recorded the largest cumulative compressive force reaction of -

7,983.616 kN/m. Axial compressive stress o:

P_ 7983616N/m _ 31,93 MPa

A 250 mmx 1000 mm

0. =

3. Diagnostic and Mechanical Conclusions
Since the actual stress value (c_c = 31.93 MPa) exceeds the critical limit by more than
400% (31.93 MPa >» 7.0 MPa), the provision of Special Boundary Elements is
mandatory and indisputable. The magnitude of this pressure (which almost reaches the
peak capacity of unconfined concrete at 35 MPa) illustrates the reality that when an
earthquake flexes an L-shaped wall, its outer fibres bear a very violent eccentric impact.
If there is no super-dense stirrup reinforcement to bind the concrete core in this area,
the end zone will inevitably explode, releasing fragments (explosive concrete spalling),
followed by the bending and breaking of the main vertical reinforcement. This boundary
element will be continuously extended upwards beyond each floor to a level where the
compressive stress profile decreases back below the 0.15 f'c boundary area (generally

subsiding in the middle of the building).

15.6.2 Identification of SBE Requirements: Displacement-Based Approach

As a calibration instrument, SNI 2847:2019 Article 18.10.6.2 also requires a review of
the flexibility limit trigger through inelastic roof displacement. The wall ratio hw/Iw > 2.0 is
measured using the neutral axis depth thickness formula (c). SBE must be established

throughout the compression face if the ¢ value exceeds this limit criterion:
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Where the lateral displacement design parameter (u) is derived from the calibrated
earthquake spectrum linear displacement output with a deflection magnification factor (Cd =
5.5). However, since the linear stress-based analysis in the initial stage already declared the
mandatory installation of restraint zones, this displacement check transformed the function to

simulate the horizontal area length (wing restraint length) in the SBE zone.

15.6.3 Horizontal Dimensions and Extensions of Boundary Elements (Length of
Boundary Element)

Making the ends of L-shaped profiles (flanged walls) into enclosed solid walls is not a
simple process. There are three end segments (three boundaries) that must be protected: 1)
The farthest end of the body, 2) The farthest end of the wing, and 3) The re-entrant corner that
accommodates the cross-flow shear lag.

The length dimension of the farthest compression fibre that must receive the "extra
dense restraint" treatment is calculated based on SNI 2847:2019 Article 18.10.6.4. The
boundary elements extend linearly along the wall body at least over the greater range between
the two parameters:

1. Limitc-0,11w

2. Limitc/2
The depth of the real extreme neutral axis line (c) will be extracted from the P-M cross-

section interaction diagram based on the governing Excel file input. Conservative numerical

simulations are used; when the depth of the concrete beam cross-section at the moment of

buckling (yielding) extends as wide as ¢ = 1200 mm on the wing lw = 6000 mm.

o First limit: 1200 - 0,1(6000) = 1200 - 600 = 600 mm.

. Second boundary: 1200 / 2 = 600 mm. Technically, an extension of at least 600 mm to
1000 mm from the extreme fibre end across the cross-section profile is recommended
to be sealed into a Special Boundary Element zone with a high-grade steel hoop
assembly..

The compression width (flexural compression zone) is also criticised. ACI rules dictate
a minimum width limit for boundary elements of hu/16 = 3300/16 = 206.25 mm. Since the

walls have a uniform thickness of 250 mm (> 206.25 mm), this thickness dimension is
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considered acceptable, ensuring resistance to lateral collapse of hollow sections that

undermine slender buildings.

c/2
(Minimum Extension)

L-Shaped Wall [* /c
o T
A cl2

Web (Minimum
Extension)

i

Intersection
Flange
Special Boundary Element
(SBE) Area (Hatched) 1

]

Figure 49 Geometric Mapping of SBE Zones Based on ¢ Range Limitations on L-Shapes

15.6.4 Details and Transverse Confinement Ratio (Hoop Confinement) in SBE

The most important part of this entire analysis is the design of the closed spiral/strain
relief clamp. The ductility of this hospital depends entirely on how precisely this
reinforcement is realised in the concrete. The clamp details must be arranged from BjTS 280
(low quality with high deformability) with a diameter of 14 mm.

1.  Determination of Transverse Space Limitations (s)

The maximum spacing (hoop spacing) between vertical restraining bars is strictly

regulated in SNI 2847:2019 Article 18.10.6.4 so that the main D25 bars do not buckle

after the concrete cover is scattered. The spacing limit must not exceed the smallest

value of:
. One-third (1/3) of the smallest dimension of the SBE profile (250 mm thick): 250
/3 =83.3 mm.

. Six (6x) times the diameter of the smallest vertical load-bearing bar: 6 x 25 mm
=150 mm

. Cross-interpolation flexible parameter (so)

s0=100 + 22—
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Assuming that the cross-tie spacing (hx) is installed at every 100 mm on the
reinforcement column, the reduction value is: 100 + (350-100)/3 = 183.3 mm. The
procedure for setting the absolute roof limit parameter is at a value of 150 mm.

The theoretical vertical spacing scenario indicates a super-dense figure of 83.3 mm. In
modern industrial practice, field reinforcement combines the spacing of the boundary
elements into a round module number, recommended at a spacing of s = 100 mm with
compensation for additional cross-ties, unless the planning team decides to reduce it
more strictly to a spacing of 75 mm for absolute safety. Let us maintain the basic
configuration at a spacing of 100 mm and calculate the steel requirements.

Formula for the Required Cross-sectional Area of Constraint (Ash)

The area of the square protective reinforcement bar crossing the concrete core
dimension bc = 250 - (2 x 20) - 14 = 196 mm (clear length from outer axis to tie bar) is

summarised by the biaxial cylinder stress area requirements:
Ash 203 (75 -1) (%)(s)(bc)

and

Ash > 0,09 (%)(s)(bc)

The determination of the dominant parameters (which control the large-scale profile of

the small blanket) is determined in the second equation:
35
Ash 2 0,09 (Z2)(100)(196) =220.5 mm?

Cross-section of two parallel leg configurations for closed circular clamps utilising D14
(Ab = 153.9 mm?) on an equivalent wide cross-section:

Actual Ash area =2 x 153.9 mm? = 307.8 mm?

Technical evaluation shows that Ash,actual (307.8 mm?) is well above the required area

limit (220.5 mm?).

Conclusion of SBE Details: A series of closed square woven mesh D14 (BjTS 280) with a

vertical spacing of 100 mm, equipped with consecutive cross ties that bind all 550 MPa quality

reinforcement, is firmly certified to comply with the strict constraints of SNI 2847:2019.

15.7 Examination of Axial-Biaxial Flexural Interaction Diagram (P-M) and

Construction Details

Moving on from the web specifications and the enclosed gusset portion, the next key

step is to combine the two designed longitudinal steel sets (D25 steel on the web and SBE
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clusters) into a global wall capacity simulation to resist macro loads (Pu, Mux, Muy). L-

shaped walls cannot be calculated based solely on conventional Cartesian single-axis

moments, as their asymmetrical distribution produces pure biaxial buckling effects even when

subjected to uniaxial seismic shaking.

15.7.1 Analysis of Three-Dimensional P-M Interaction Curve Diagrams

The P-M capacity interaction methodology of irregular cross-section wing walls

distributes the concrete stress pattern evenly around the neutral axis a. ETABS pier output

data (Pmax, min, Mgoverning) is compared against the failure surface envelope (curved

failure shell) of the concrete cross-section.

1.

Vertical L-Shape Steel Distribution Formation:

o  Main Body Area: Steel installed in a 2-layer D25 - 150 mm grid.

o  Main Wing Area: Steel installed in 2 connected layers of D25 - 150 mm.

o Extreme End of Boundary Element (SBE)
At a minimum extension distance of 600 mm from the edge of the wing profile,
the density of the D25 BjTS 550 longitudinal reinforcement placement is
thickened and combined with a spacing distance of 100 mm.

High Quality Concrete Equivalent Compression Block

Compile an analysis using the compressive strength parameter SNI f’c = 35 MPa. The

equivalent depth ratio (B 1) for concrete above the 28 MPa threshold is reduced,

formulated as follows:

fc' -7
28

B, =0,85-0,05 x —Z=0,85 - 0,05(1) = 0,80

The concrete reduction factor P is central to the calculation of forces when simulating
how massive the moment of inertia of the L-shaped elastoplastic cross-section provides
a reaction..

Demand vs Capacity Validation Process (D/C Ratio)

To justify the varying loads from the Macro output to the ETABS output (Envelope
combination), all loading vector coordinates (Pu, Mu) must be neatly nested within the
geometric space zone of the nominal P-M diagram boundary (multiplied by the wall
element reduction factor ¢ = 0.65 for a compression ratio or intercalation to 0.9 in pure

tension).
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15.7.2 Detailing of High-Strength Steel Connections and Terminations (BjTS 550)

A detailed study of D25 steel with a BjTS 550 grade requires field engineers to

understand the obstacles and mitigation measures involved in construction, particularly with

regard to lap splices. The 550 MPa steel quality provides area efficiency, but penalises the

structure with elongation strain and extended anchorage distances for concrete planting to

avoid slip tension failure. Based on the restrictions of ACI 318-19 and SNI 2847:2019, the

design of connections in the plastic zone of Special Structural Walls is governed by critical

regulations:

1.

15.8

Prohibited Location: Passage Connection

At the base of the KDS D retaining wall (the zone where the plastic hinge area
extends to a vertical height of Iw or the equivalent value of the bending moment to shear
ratio at the base), pure lap splices on BjTS 550 D25 reinforcement are strictly
prohibited. Traditional steel splicing in this base area is prone to tearing the concrete
cover due to the phenomenon of splitting radial tension cracks.

Mechanical Splicing Solutions

To connect the BjTS 550 D25 rebar assembly linearly to its upper elevation in the
critical zone, the planner must specify the use of a mechanically certified mechanical
coupler (Mechanical Coupler Type 2) certified metallurgically to develop 125% tensile-
compressive stress force from its specification melting point, ensuring that the rebar
outside the coupler will plastically yield and break first before the sleeve connection
fails.

Basic Anchorage Towards Foundation (Pile Cap Anchorage)

SBE reinforcement bars, both the main longitudinal D25 bars and the base shear
bars, must be anchored deep into the foundation beam to a minimum depth of 1d
(absolute tensile length of straight tensile steel). The restraint ties must also be cast in
place to a minimum depth of 300 mm into the pile cap body before termination, in order
to distribute the binding force of the basic element at the absolute clamp (perfect fixity)
of the ETABS model.

Conclusions and Technical Recommendations for L-Shaped Sliding Wall
Reinforcement

The fulfilment of technical criteria for the design of earthquake-resistant Special

Structural Walls for the highest emergency class Hospital facilities (Risk Category IV) located
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in the Palu region requires accuracy and mechanical conservatism above standard. A hybrid
compilation method combining Pier Global resolution (ETABS Macro Output Data) to
calibrate the Amplification Capacity Design Q0 = 2.5, combined with a precision
interrogation of ETABS flexible field plates (Micro Shell Data F12 and F22) has proven its

comprehensive strength. The table below summarises the aggregate results of the structural

detailing specifications from all analysis pillars in Chapter XV:

Table 85 Summary of Aggregate Results of Shear Wall Specification Details

L-Shape Sliding

Function and Identification of

Final Configuration

Edge Containment

flexural moment P-M interaction
diagram.

Wall Anatomy ors Specifications for
Segment Critical Forces (ETABS Data) Reinforcement (Steel Grade)
Withstands maximum F22 TI.uCk cluster loqgltudlnal .
. reinforcement with D25 (BjTS
SBE (Special Macro stress (6 > 31.93 MPa) 550). Bound in a circle by a
Boundary Elements) | and reinforces the biaxial axial- ' y

dense square mesh of D14 (BjTS
280) with cross ties spaced at s =
100 mm.

re-entrant corner.

Web Face Central Damping the central axial force . . .
s . . Uniform distribution using 2
Reinforcement and preventing the torsional . !

. . layers (Double Grid) D25 with
(Vertical failure of the flexural plate (M22 : :

N B 150 mm spacing (BjTS 550).
Longitudinal = 131.9 kN-m/m) out-of-plane Provides a ratio of or = 0.0196
Reinforcement) flexibility. pr=>.

. Uniform distribution of 2 layers
Web Face Central Fully' abso.rblng the macro of D14 with a spacing of 150
. amplification shear load Q0 . .
Reinforcement mm (BjTS 280). Arranged with

. from the centre of mass and .

(Horizontal Shear neutralisine the micro F12 at the vertical hooks along the base
Reinforcement) £ plate arms of the wall with a grid

ratio of pt=0.0082

The reinforcement arrangement in walls with a pure thickness of only 250 mm

represents one of the technical challenges of contemporary reinforced concrete construction.
The collaboration of BjTS 550 steel reinforcement with a giant diameter of D25 and thick
D14 stirrups will occupy most of the air space within the formwork. As a note on the execution
of the cover that prioritises the quality of the hospital's realisation, it is recommended to use
a high-strength flowable concrete mix (Self-Compacting Concrete / SCC) with a maximum
aggregate specification not exceeding 12 mm. This execution is crucial to prevent segregation
voids (honeycombing) when fresh concrete material with f'c =35 MPa is pressed through the
Special Boundary Element steel cage assembly woven as tightly as 10 centimetres. By

adhering to the entire SNI 2847:2019 design formulation in this integrated technical report,
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the capability of the L-shaped double structural wall to dissipate the Palu earthquake energy
through a fully controlled ductility phase can be guaranteed.
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