Shape Optimization and Numerical Modeling of Precast Hollow Core
Panels for External Walls in Multi-story Buildings

Rajenthirakumar Subakaran®, Thishan Jayasinghe®, Sumudu Herath®*

% Department of Civil Engineering, University of Moratuwa, Bandaranayake Mawatha, Moratuwa 10400, Sri Lanka

Abstract

During the past decade, precast wall panels became one of the popular precast panel elements satisfying both
load-bearing and non-load bearing structural requirements. Originally, precast wall panels were intended to
be used as internal partition wall panels, which are not expected to resist loading nor undergo significant
deformations. This paper focuses on verifying the usability of such precast panels as external wall panels
in multi-story buildings, where their load resistance is investigated under lateral wind loads and vertical
deformations due to column shortening effects. In addition, using the shape optimization technique in-built
into ABAQUS advanced finite element software, a better layout for the precast wall is also proposed and its
performance is compared with the current standard layout under similar loading and boundary conditions.
It is shown that the optimized design has a higher load-bearing capacity and does not impose any challenges
in manufacturing. Using shape optimized panel sections, panel assemblies are simulated to investigate the
panel assembly response under wind loads. Further, recommendations are given on the maximum number
of wall panels that could be installed as a single assembly under different wind load intensities at various
heights of multi-story buildings. Considering practical aspects, these recommendations are integrated with
proposals on connection mechanisms between panel assemblies.

Keywords: precast wall panels, shape optimization, numerical modeling, multi-story buildings, hollow core

panels, optimal layout

1. Introduction becoming medium- to high-rise structures globally.

1.1. Background Complementing this trend, the global construction

industry has incorporated precast products as core
Due to the increasing population and reduced Y P P P

S . . elements due to their better performance, enhanced
availability of usable lands for construction activi-

uality, elevated control, reduced leading time of
ties, many residential and commercial buildings are d Y ’ &

construction, adaptability of novel technologies in
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construction and controlled material processing
during manufacturing.  Currently, 50% of the
global 7.9 billion population has claimed major
cities as their residences, while it is estimated
that it will be increased to 67% by 2050 [1]. In
this growing population, providing standard living
facilities will be a foreseen challenge. According to
Kumar et.al [2], in a case study based in India, the
necessity to build housing facilities is at a rate of
30 to 35 thousand housing units per day for the
next 8 years. Similarly, in a very short period,
Hong Kong has experienced a massive residential
building demand. In Hong Kong, massive housing
projects were initiated during the 1950s to tackle
the demand and it is continuing to date [3]. On the
other hand, infrastructure development projects
play a major role in the economic growth of coun-
tries, especially developing countries. The most
common challenges faced during the construction
phase of any project in developing countries are
cost overruns and schedule delays. In a case study
conducted in a low-income country, the average
delay in a construction project was found to be
143%, with a maximum and minimum of 802%
and 9% respectively. Evidently, such delays in
construction projects can cause adverse impacts on
all related stakeholders and it is important to look
for solutions to mitigate such known impacts [4].

For this work, the construction industry of Sri
Lanka is chosen to furnish the contextual back-

ground. The capital cost of construction has

increased exponentially during the last decade
in Sri Lanka, as the material prices are inflated
due to the increased demand for construction
projects, skilled and unskilled labor deficits along
with the reduced supply of quality materials
[B]. Apart from the resource constraints, global
warming, which has become a major threat to the
sustainability of the globe, has significantly re-
stricted the expansion of construction industries as
major policymakers are now encouraging greener
practices in engineering [6]. In concrete-based
constructions, cement is responsible for the CO4
emissions from the production phase until the end
of the construction phase. According to Ibrahim
et.al [6], the production of one ton of Portland
cement contributes to one ton of CQO; emission
directly and indirectly. Hence, the effective ways
in which these carbon footprints can be reduced
are now a global concern in every industry. In the
civil engineering industry, sustainable practices
have evolved, marking various milestones such as;
carbon fiber reinforced concrete [7], natural fiber
reinforced concrete [8], additive manufacturing of
concrete [9], self-compacting concrete [10], precast
concrete [111, 12, 13].

Precast wall panels are carefully engineered struc-
tures that have shown notable time savings in
construction projects [14], 15, 16, 07, I8, 19). In
general, precast elements are designed and manu-
factured under a controlled environment and passed

through several testing and quality inspections



before being transported to the respective con-
struction sites. This ensures the expected quality
of the final structural outputs in comparison to the
in-situ concrete constructions. In addition, precast
elements can easily be geometrically parameterized,
and hence are shaped flexible and geometrically
very precisely. Specifically, precast wall panels can
be categorized into two distinct divisions serving
two different purposes. The first is the exterior
cladding. These behave as an interface between
the interior space and exterior space. Claddings
only transfer lateral loads to the structural frame.
The other one is the structural load-bearing
walls. These resist combinations of shear, flexure,
and axial loads. These are manufactured in
the forms of solid panels, hollow-core panels, in-

sulated panels, ribbed and architectural panels [20].

1.2. Related Work

Several studies have been conducted to determine
the usability of the precast wall elements in building
constructions [2I]. The panel-to-panel connections
of such wall panels are crucial for the structural
integrity of the construction. Vaghei et.al [22] ex-
perimentally tested and modeled the connection be-
tween two wall panels using horizontal steel hooks
embedded into the walls. Other research studies
were focused on evaluating the structural perfor-
mance of wall panels with openings using the Fi-
nite Element Method (FEM) [I], the structural in-

tegrity of precast wall panels under seismic load

[6, 23], 24], assessing the damage in precast con-
crete wall panel connections under blast loading us-
ing finite element analysis [25], and shear behavior
of two-way hollow-core wall panels [26]. However,
most of these research works are focused entirely to
investigate several characteristics of reinforced con-
crete or pre-stressed concrete wall panels, but none
of them was focused to investigate the usability of
plain concrete wall panels to be used in multi-story
buildings. In a research study conducted by Diaz et
al. [27], hollow core masonry blocks were modeled
and several core shapes were analyzed using AN-
SYS commercial finite element software to obtain
an optimal hollow core masonry block to be used in

automated assembly constructions.

1.8. Precast Hollow Core Panels

The Precast Hollow Core Wall Panels
(PHCWPs) considered in this research study
are manufactured in Sri Lanka by the Interna-
tional Construction Consortium (Pvt) Ltd (ICC).
According to ICC-ACOTEC Precast Wall Pan-
els Technical & Installation Manual [28], three
different cross-section designs are manufactured
presently, and they are as listed in Table For
this research study, a panel with 140mm thickness
was chosen. The presented numerical studies
could be directly employed in the rest of the
panels similarly. Further, a brief discussion on the
panel installation process is outlined below. For

a detailed technical discussion please refer to the

Installation Manual [28].



Table 1: Hollow core panel geometries (ICC-ACOTEC) [28]

Thickness Length Width
(mm) (mm) (mm)
75 £ 3 2700 600 £+ 5
100 £ 3 3300 600 £+ 5
140 £ 3 3300 600 £+ 5

The PHCWPs are attached to the columns by
three pieces of 10 mm dowels. These dowels can be
connected to columns using ICC-ACOTEC grout.
Figure (1] shows the connection between a column

and a panel [2§].

10 mm dowel (3 nos per panel top,
bottom, and middle)

ICC-ACOTEC grout

Figure 1: Panel to Column connection using dowel and
grouting

Each PHCWP is connected with the aid of an
interlocking tongue and groove. After the panels
are positioned in place, the joints are grouted, and
the seams are taped with crack control tape [28].

The tongue and groove of the panels are shown in

Figure [2|

Toungue and groove joint grouted
with ICC-ACOTEC grout

DOOO

\Crack control tape

Figure 2: Tongue and groove connection between panels

A U-shaped steel bracket is used to connect the
PHCWP at its top and bottom to respective con-
crete beams (see Figure[3]). The panels are erected
such that the steel brackets are in line with the cores
of the panel. Figure [3] shows the steel U bracket,
modeled using AutoCAD 3D.

Figure 3: U-shaped steel bracket for top and bottom con-
nection

2. Numerical modeling of PHCWPs

2.1. Geometric modeling of PHCWPs
ABAQUS/CAE advanced element (FE) software
is used extensively in this research. This choice
is evident based on similar past research works by
Mohamed et.al [29], Risan et.al [30], and Joda et.al
[1]. Especially, the Concrete Damage Plasticity
(CDP) material model available in ABAQUS/CAE
inspired the same choice. Note that in this paper,
ABAQUS/CAE commands are denoted by an as-

terisk (*) as a prefix to a particular keyword.



The cross-section of the chosen panel for this re-
search study, of dimensions 140 mm x 600 mm, is

shown in Figure

All dimensions are in meters

Figure 4: Section geometry of the 140 mm x 600 mm panel
with five circular cores of an internal radius of 47 mm. Di-
mensions are

A solid homogeneous section was chosen for the
panel’s numerical analysis in ABAQUS. Further, 8-
node linear solid elements having reduced integra-
tion with hourglass control (Q3D8R) were used to
discretize the panel and the element deletion was
manually enabled using the command *ELEMENT
DELETION=YES. The 3D view of the panel is

shown in Figure

Figure 5: 3D view of the 140mm x 600mm panel modeled in
ABAQUS/CAE

2.2. Concrete Damage Plasticity (CDP) Model

CDP is one of the accurate representative con-
stitutive models of concrete. CDP model captures
both concrete crushing and cracking mechanisms

and has been widely used in many research works

[B1, 32, [33]. According to the ABAQUS user man-
ual [34], the parameters that are required to define
the plasticity of concrete are; dilation angle (1),
eccentricity of concrete, oy /0. ratio, viscosity pa-
rameter, and yield shape surface (k). The recom-

mended values of these parameters are given in Ta-
ble 2

Table 2: CDP parameters used in the study

Parameter Recommended Value
Dilation angle 30° - 40°
Eccentricity 0.1
Tb0/0c0 1.16
K 2/3
Viscosity parameter 0.0

The compressive and tensile behaviors of con-
crete are defined in ABAQUS modeling in terms
of yield stress, inelastic strain and cracking strain
[34]. To determine these parameters Stress-Strain
variation of concrete in both tension and compres-
sion is required. Upon the non-availability of ex-
perimental results of concrete used in manufactur-
ing PHCWPs, the compressive behavior is obtained
using the mathematical model provided in the Eu-
rocode EN 1992-1-1 [35]. Subsequently, the ten-
sile behavior is calculated using the mathematical
model produced by Wang & Hsu [36]. Moreover,
though the dilation angle can take a value within
30° - 40° [34], the optimal dilation angle for a sim-
ilar application is obtained as 35° [32]. Hence in

this study, the dilation angle is considered as 35°.



The compressive stress-strain values for concrete
are calculated according to Eurocode EN 1992-1-

1 [35] using equation ().

o. k1 —n?
fcm N 1"’(’{_2)77 (1)

where

€c
€cl

n =
€c1 18 the strain at peak stress

k= 1.05Ec, X |ec1l|/fem

fem 1s the mean value of concrete cylinder strength

FE¢p, is the secant modulus of elasticity of concrete

Eurocode EN 1992-1-1 proposes several numeri-
cal relationships in idealizing the concrete tensile
behavior, incorporating the tension stiffening ef-
fects [36], 37, B8, B9]. Herein, the tensile stress-
strain behavior for the analyses was calculated us-

ing Equations (2)) and (3).

o1 = E.6 €1 < €cr (2)

€cr
o1 = fcr
€1

€1 > €op (3)

where
FE, is the modulus of elasticity
€cr 18 the cracking strain of concrete

fer 1s the cracking stress of concrete

The Stress-Strain relationship calculated follow-

ing the above-mentioned mathematical models for

concrete of ultimate strength 15 MPa is depicted in

Figure [6]
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Figure 6: Stress-strain variation of the concrete used in this
study

CDP modeling in ABAQUS requires Yield stress,
damage parameter in both compression, and ten-
sion, inelastic strain for compression and cracking
strain for tension as user inputs [34]. The compres-
sion and tension damage parameters are calculated

according to Equation .

d. =1-2=
(4)
dy =1-— 2

gto

For the calculation of inelastic and cracking strains,
elastic strain in both compression and tension is
required. These parameters are calculated using
Equation (5)) and the inelastic and cracking strain

are calculated using Equation ().
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2.8. Failure identification in ABAQUS/CAE

The panel was modeled in ABAQUS/CAE, and
two reference points were established on the top
(RP_TOP) and the bottom (RP_BTM) surfaces’
geometric center. Each of these surfaces was con-
nected using rigid body constraint to the respec-
tive reference points. The bottom reference point
was given a fixed boundary condition and the top
reference point was applied with a uniformly in-
creasing displacement to simulate displacement-
controlled uniaxial compression test. Before run-
ning the model, damage in compression (DAM-
AGEC) and damage in tension (DAMAGET) were
explicitly requested in the field output. DAM-
AGEC and DAMAGET will show the approximate
crushing and cracking positions in the panel. Since
the element deletion was turned on as mentioned in
Section [2.1] the elements that underwent crushing
or cracking will be removed from the domain. The
applied boundary condition and loading along with

the panel is shown in Figure [7}

Figure 7: Applied boundary condition along with the uni-
formly increasing displacement loading in the panel

2.4. Model validation

As common to any finite element based numerical
studies, it is important to perform a mesh sensitiv-
ity analysis to find the optimal compromise between
mesh size (density) and computational cost. Hence,
a mesh convergence study is conducted by varying
mesh densities and recording the corresponding fail-
ure load. Six sets of different mesh sizes are used in
this study and the results are presented in Figure
)

312.00
310.00
308.00
306.00
304.00
302.00
‘s 300.00

Failure Load (kN)

298.00
296.00

294.00
2136 4272 6929 8134 10675 26747

Number of finite elements

Figure 8: Failure load variation with mesh density repre-
sented in terms of the number of finite elements in the model

As evident from Figure [8] failure load converges
to approximately 300 kN in the presence of mini-
mum of 8134 finite elements. Considering the com-
putational time, which was about 17.58 minutes on
a Core i7 2.8 GHz processor with 16 gigabytes of
memory, as well as the numerical accuracy (see Fig-
ure, a finite element mesh having 10675 elements
is chosen in subsequent analyses.

The concrete properties of the PHCWPs used in
this study were not known. Therefore, experiments

were conducted to arrive at the material proper-



ties of concrete. Herein, experimental results of
the Uniaxial Compression Loading (UCL) and four-
point flexural test for PHCWPs were used to de-
termine the material properties. Initially, several
grades of concrete were chosen and the required
material properties were calculated as mentioned
in section [2.1] Several UCL were simulated using
ABAQUS/CAE for the calculated material proper-
ties. The failure loads obtained for each grade of
concrete were compared with the failure load ob-
tained from the experiments. The variation of fail-
ure load for different grades of concrete is shown in
Figure El and a typical failure pattern of a panel (of
concrete strength 7 MPa) is shown in Figure

450 T T T T T T T

Experimental Failure Load

— Cyinder strength = 7MPa
—Cyinder strength = 10MPa

Cyinder strength = 17MPa|
—Cyinder strength = 30MPa|

. L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Vertical displacement (mm)

Figure 9: Failure loads for the panels of concrete cylinder
strengths 7 MPa, 10 MPa, 17 MPa, and 30 MPa under uni-
axial compression loading

DAMAGET
(Avg: 75%)
+7.299e-01
+6.690e-01
+6.082e-01
+5.474e-01
+4.866e-01
+4.257e-01
+3.649e-01
+3.041e-01
+2.433e-01

Figure 10: Failure pattern of a panel of concrete cylinder
strength 7 MPa under UCL

The grade of concrete which gave a failure load that
is closer to the experimental result was taken for
subsequent analyses. This nearest concrete cylin-
der strength was recorded as 7 MPa (see Figure.
The equivalent panel failure stress was obtained as
1.09 MPa while the applied vertical displacement on
the panel during the failure was recorded as 0.81375
mm. It is highlighted that the panel failure (at 300
kN) was due to excessive tensile stresses induced
due to panel bending during the UCL. To validate
this independently, a four-point flexural test was
also simulated. The failure stress of the numerical
four-point flexural test arrived as 1.084 MPa which
is in good agreement with the previous numerical
results. Stress distribution (S33) of the panel un-
der the 4-point loading test at the failure load is
shown in Figure Therefore, using the panel
experimental results, numerical models were vali-
dated and respective CDP model parameters are
calibrated. The validated material properties are

given in Table

S, S33

(Avg: 75%)
+1.084e+06
+8.881e+05
+6.917e+05
+4.953e+05
+2.990e+05
+1.026e+05
-9.372e+04
-2.901e+05
-4.864e+05
-6.828e+05
-8.791e+05
-1.075e+06

Figure 11: Longitudinal stress variation of the panel under
4-point flexural test



Table 3: Concrete material properties: measured and vali-
dated from numerical analyses

Material Property Magnitude
Density 1885 kgm 3
Mean cylinder strength (fomm) 15 MPa
Cube strength (fok cube) 8.75 MPa
Mean axial tensile strength (feim) 1.1 MPa
Secant modulus (Ecp,) 25 GPa
Poisson’s ratio 0.2
Dilation angle 35°

2.5. Interaction definition between two interlocking
panels

Now the focus is rendered towards the numerical
modeling of the panel assembly. The edges along
with the tongue and groove connection were con-
strained using tie constraints in ABAQUS/CAE.
This moment-transferable structural idealization is
justified by the high-strength grout that holds to
panels at the connecting edges (see Figure . Fix-
ing the panel’s bottom edge, to simulate the con-
nection of a panel with the slab beneath, would
cause early failure of the panels, as shown in Figure
This is evident because of the higher bending
moments developed near the bottom edge of the
panel. Therefore, the bottom edge is modeled as
a pinned boundary. In other words, the grout is
assumed to be cracked along the bottom under the
lateral loading conditions. Later in this research
study, a channel section was proposed to hold the
panels and these panels are assumed to have only a

frictional contact (thus structurally less important)

S, Min. Principal (3
(Avg: 75%)

Figure 12: Premature failure of the panel due to maximum
bending moment along the bottom edge

between the proposed channel section. Assuming
small displacements and to reduce model complexi-
ties, the channel section was not modeled alongside
the panel. Therefore, the vertical edges of a panel
assembly are idealized as pinned connections. The
applied boundary conditions in the ABAQUS mod-

eling are shown in Figure

Free edge

Interlocking surfaces
Tie constraint

Vertical edge
Pinned connection

Vertical edge
Pinned connection

Bottom edge
Pinned connection

Bottom surface
Rigid body constraint

Figure 13: An assembly of four panels with three exterior
edges modeled as pinned connection, top as free edge, and
interlocks as tie constraints

3. Shape optimization of PHCWPs

3.1. Shape Optimization of Solids

Shape optimization is one of the three struc-
tural optimizations techniques (topology, shape,

and size) that is widely used in both academic and



industrial research tasks [40], [41]. Shape optimiza-
tion focuses on optimizing the geometric bound-
ary of a structure to improve structural perfor-
mance by reducing stress concentrations [42]. Non-
optimal response of circular hollow sections upon
fatigue loading is one of the lessons learned af-
ter the tragic de Havilland Comet’s Failure [43].
In general, a shape optimization process involves
minimizing a convex objective function (e.g. such
as the compliance) subjected to pre-defined con-
straints (e.g. such as thickness, volume, or displace-
ment bounds) [44]. The optimization solver built-
in ABAQUS/CAE requires defining the design do-
main and design responses. The design domain is
the region of the panel where the optimization is de-
fined, and design responses are panel-related quan-

tities such as weight, volume, damage, or contact

stress [34].

In this research study, the design regions are
the hollow core areas, which are defined using
*DV_SHAPE. The geometric constraints are the
exterior boundary surfaces of the panels, defined
using *DVCON_SHAPE. Two design responses are
defined namely, the strain energy and volume of
the design domain using the ABAQUS command
*DRESP. 60% of the retention volume (volume
fraction) of the panel was selected as the ini-
tial volume constraint and the objective function
(*OBJ_FUNC) was set to minimize the strain en-
ergy density. Further, all boundary surfaces of

PHCWPs were frozen so that those regions will
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not be optimized because those areas contain the

tongue and grooves as well as the wall surfaces (see

Figures Ié—_ll and .

8.2. Shape optimal PHCWPs

For a single PHCWP, the above-mentioned shape
optimization process was carried out. A lateral load
of 1500 Pa was applied on the vertical surface of the
panel. Moreover, the same panel is pinned along the
bottom edge to restrict rigid body translations and
rotations. The optimized shape of the panel cores is
shown in Figure[14] Herein, for better visualization,
a mid-depth cut of the pre- and post- optimized

panel is presented.

(a) (b)

Figure 14: (a) Pre-optimization and (b) post-optimization
shapes of the hollow cores

The inherent weakness of ABAQUS optimization
solver is its inability to produce Computer Aided
Design (CAD) models of the optimal design [40].
Hence, an iterative manual geometry tuning process
was used to obtain an easy-to-manufacture geome-
try that can be utilized in an extrusion-based manu-
facturing process. The optimal core design revealed
that the use of a squircle for the cores will lead to
the best stress distribution in the vicinity of cores.
This cross-section is depicted in Figure The

fillet radius was found using a localized sensitiv-

ity analysis using values between 5 - 50 mm which



agrees with the shape optimal design shown in Fig-
ure [[4Dl The best stress distribution was attained
when the fillet radius is taken as 10 mm. Further,
the proposed cross-section uses 19.88% less concrete
volume than that of the original panel shown in Fig-
ure 4} This reduced volume in the proposed design,
however, does not reduce its compressive strength
capacity in comparison to the original panel. This
shape optimal design is used in the subsequent anal-

yses of this research study.

(]
€

0.6
X
0.094 0.094 R0.01
| ~€—>]

All dimensions are in meters

0.14

Lo

Figure 15: Selected section geometry for the hollow-core
panel

4. PHCWP assemblies in Multi-story Build-

ings

4.1. Use of PHCWPs in multi-story buildings

Load-bearing wall panels are expected not only
to withstand shear forces, bending moments, and
axial forces but also to maintain stability between
the neighboring panels or structural frame [20]. As
a result, inevitable axial shortening is observed in
multi-story buildings due to long-term creep and
shrinkage effects [45]. According to Ali et.al [46],
the maximum column shortenings that can be ex-
pected in a 12-story and a 24-story building could
be as high as 27.1 mm and 151.6 mm, respec-
tively. In the UCL simulation done in this re-

search work, the panels fail under a vertical dis-
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placement of slightly less than 1 mm. There-
fore, plain (non-reinforced) concrete wall panels are
not recommended to be used in buildings as load-
bearing structural elements, where significant ax-
ial shortening can be expected. This conclusion
is evident as plain concrete has near-zero tensile
strength to resist bending stresses arising due to
loading eccentricities. To circumvent this chal-
lenge, there are studies carried out in the recent
past to check the performance of reinforced con-
crete wall panels against several loading condi-
tions [47, 48, 49 B0, BI]. In this study, we have
considered the response of plain concrete panel as-
semblies in the presence of axial shortening and lat-
eral loading. To this end, the shape optimal designs

of the panel sections are used in the simulations of

panel assemblies.

4.2. Numerical Simulation of PHCWP assemblies

in multi-story buildings

It was shown earlier in Section [2.4] that PHCWP
failed under an axial vertical displacement of
around 1 mm (see Figure @ Also, as the scope
of the study is concentrated on external walls in
multi-story buildings, the panels are next analyzed
under lateral wind loads. A 30-story building with
a footprint of 30 m x 42 m was considered for the
wind load calculations. Per the Eurocode EN 1991-
1-1-4:2005 [52] and its National counterpart SLS
EN 1991-1-4: 2019 [53], a maximum wind load of

1.402 kPa on the 30" floor is attained. For wind



load calculations, the parameters tabulated in Ta-

ble [ were used.

Table 4: Wind load related parameters of a 30-story (109 m
tall) building of plan dimension 30 m z 42 m

Parameter | Value Reference

Vi, map 23 m/s SLS EN 1991-1-4:2019
Appendix 1 [53]

b 30 m

d 42 m

h 109 m

Zo 0.3 m EN Table 4.1 [52]

Zimin 5m EN Table 4.1 [52]

Ze 10 m Figure 7.4 [53]

Vi 23 m/s SLS EN 4.2 (2)P Note
1 53

Cr(2) 1.271756 | Equation 4.4

Vi 29.25 m/s | Equation 4.3

I, (z) 0.1694 Equation 4.7

dp 1168.7 Pa | Equation 4.8

h/d 2.6 Figure 7.5

Cpe,10 1.2 Table 7.1

W, 1402.4 Pa | Equation 5.1

To this end, panel assemblies having 3, 4, 5 and
6 panels were modelled with the interactions de-
tailed in Section Initially, a wind load of 2 kPa
was applied on all panel assemblies. This value of
2 kPa (> 1.402 kPa) is selected to present the ex-
pected failure of an assembly. Therein, a typical

failure of the assembly having 6-panels is shown in

Figure[I6] Subsequently, A lateral wind load of 1.5
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DAMAGET
(Avg: 75%)
+7.300e-01

+3.0426-0
+2.433e-01
+1.825e-01

+1.217e-01
+6.083e-02
+0.000e+00

Figure 16: 6-panel assembly failure pattern under 2 kPa lat-
eral wind load

kPa was applied on the same 6-panel assembly and
the panel barely withstood this wind load. Minor
tension cracks are observed along the core edges
(see Figure , but the assembly as a whole did
not fail. The maximum displacement of the panel

in the lateral direction was 0.93 mm as shown in

Figure [T7

u, U2

Figure 17: 6-panel assembly under 1.5 kPa lateral wind load

When the lateral wind load was increased to 2
kPa (taking a partial safety factor 1.4 on load-
ing), the 6-panel assembly failed, whereas the 3, 4,
5-panel assemblies withstood without any tension
damage. The maximum lateral displacement ob-
served in the 5-panel assembly was 0.22 mm and

the lateral displacement variation of the same is

shown in Figure [I8



U, Magnitude
+8.414e-04
+7.712e-04
+7.011e-04
+6.310e-04
+5.609e-04
+4.908e-04
+4.207e-04
+3.506e-04
+2.805e-04
+2.103e-04
+1.402e-04
+7.011e-05
+0.000e+00

Figure 18: 5-panel assembly under 2 kPa lateral wind load

According to the above analysis, it is evident that
5-panel assemblies can be safely installed in multi-
story buildings having up to 30 stories in the wind
zone 3 of Sri Lanka. Using the same numerical ap-
proach, the following recommendations are made
at different heights of buildings located in different
wind zones of Sri Lanka. Separate analyses for 3,
4, 5, and 6-panel assemblies at different wind loads
were conducted in coming up with the recommen-

dations given in Figure

3500

3000]

Recommended T4-panel assembly

25001

2000 Reco ssembly: 5-panel assembly |

1500

Peak external wind pressure (Pa)

Recommended assembly: 6-panel assembly
—Zonel (Vb=35m/s)
—Zone II (Vb=29 m/s)
500 ‘ Zone III (Vb = 23 m/s)
L . 4]
30 40 50 60 70 80 90 100 110 120
Height of the building (m)

10001

Figure 19: Recommendations of panel assemblies for various
wind pressures (at different building heights) in wind zones
I, II, and III of Sri Lanka.

4.3. Panel assembly installation - Practical consid-
erations

Wall panels considered in this study have a fixed

width of 600 mm (see Table [I)).

Thus, ignoring

the thickness of the grout in between the panels, 5
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and 6-panel assemblies will have maximum assem-
bly widths of 3 m and 3.6 m respectively. However,
the clear distance between two adjacent columns is
generally more than 3.6 m. Taking a 6-panel assem-
bly as an example, several assemblies of the same
will be required during the installation. To circum-
vent this problem, a new connection mechanism is
proposed to hold the panel assemblies in place and
provide structural support. A steel channel section
(C-section) is proposed, such that it will support
the panels along the vertical edges on both sides of
an assembly. The internal width of the C-section is
selected as the panel thickness plus a working toler-
ance of 3 mm on each side (see Table . The pro-
posed channel sections holding a 3-panel assembly
are shown in Figure 20] Furthermore, the arrange-
ment of 3-panel assemblies adjacent to each other

is shown in Figure [21]

Channel section

Channel section \Channel section
sssss sassesssae N
All dimensions are in meters 0.03

Figure 20: Proposed connection details of the panel assem-
bly; 3D view (top) and section view (bottom)



Figure 21: Arrangement of four 3-panel assemblies between
two columns

The proposed S275 structural steel channel
section has an internal width of 146 mm, 10
mm web thickness and 5 mm flange thickness.
This was numerically modelled and verified using
ABAQUS/CAE. The most critical loading scenario
was considered when the panel assembly is sup-
ported only along the vertical edges by two channel
sections which are fixed at the bottom. This panel
arrangement leads to a one-way spanning simply
supported wall panel. The load that will act on the
channel sections of height 3.3 m, when the 5-panel
assembly is acted by a wind load of 1.5 kPa, is calcu-
lated and applied as a uniformly distributed load.
From the numerical analysis, the maximum Von-
misses stress observed in the channel section was
50 MPa and the maximum displacement was 9.324
mm. For structural steel of grade S275 and a span
of 3.3 m, these results are satisfactory [54]. How-
ever, the fatigue strength of the proposed channel
section should be evaluated prior to installation, as
cyclic wind loads could lead to fatigue failure of the
same. Fatigue strength evaluation is not considered

within the scope of this work. f
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5. Limitations and Future Directions

The presented numerical study has a limited
scope with regard to the type of panels considered.
Out of the three options given in Table[T} this paper
presented a detailed and rigorous numerical investi-
gation of a single panel. However, to make recom-
mendations similar to Figure one can use the
same methodology presented in this paper. Fur-
ther, long-term effects such as creep and fatigue
need to be incorporated into the numerical study
to understand the panel behavior during the service
time of a multi-story building. Tunable (or para-
metric) shape optimal design of hollow core panels

could be an interesting future work in terms of areal

topology and size optimization.

6. Conclusions

In this research study, the structural response of
hollow core panels against lateral wind loads and
axial shortening effects were studied. The selected
hollow core panel for simulations, with section di-
mension 140 mm x 600 mm, was first subjected
to axial compressive (uni-axial compressive loading
- UCL) and flexural (four-point bending) tests for
model validation against experimental results. Af-
ter model calibration, the same panel was subjected
to shape optimization. At this juncture, panel’s sec-
tion geometry was modified iteratively, such that
it has the same strength but a 19.88% lower vol-
ume than that of the original section. This readily-

manufacturable shape optimal design is used in the



subsequent structural analyses. 3-, 4-, 5- and 6-
panel assemblies were simulated for various wind
load intensities (in each wind zone) expected at dif-
ferent heights of a multi-story building. Herein, the
assembly capacity of each panel assembly was at-
tained. Figure summarizes these findings. For
instance, when the wind load is below 1.5 kPa,
shape-optimized panel assemblies having 6-panels
can be utilized in a single assembly. Moreover, guid-
ance on practical considerations was discussed. For
example, adequate clearance should be provided be-
tween the panels and the beam bottom to prevent
any excessive stress generation due to column short-
enings. It was numerical analyzed and subsequently
proposed to use an S275 steel channel section to
hold the panel assemblies in place along the ver-
tical edges while the panel bottoms are supported
by the slab (or beam). It is advised to incorporate
slotted holes for the proposed channel sections in
the vicinity of a column to accommodate column

shortening.
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