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Abstract  
  
This paper explores the performance analysis of multi-layer concrete structures specifically 
designed for security centers and high-risk governmental facilities. These structures face unique 
challenges due to the nature of the threats they are exposed to, such as explosions, seismic 
activities, and impact from high-velocity objects. To address these challenges, multi-layered 
concrete systems offer a promising solution by combining different materials in layers to maximize 
resistance and energy absorption[1]. In this study, we focus on understanding how the layered 
design impacts the overall structural integrity and durability under dynamic loading conditions.  
  

Security centers are critical infrastructures that require advanced structural designs to ensure the 
safety of personnel, assets, and sensitive information. Traditional monolithic concrete structures, 
while robust, often fail to provide adequate protection under extreme forces. Multi-layer concrete 
structures, on the other hand, offer improved performance by distributing stresses more effectively 
and limiting crack propagation2[2]. This study employs advanced finite element analysis (FEA) 
simulations, using tools such as ANSYS and Abaqus, to evaluate the performance of these systems 
under various dynamic load scenarios, including blast loads, seismic events, and high-velocity 
impacts.  
The multi-layered systems studied in this paper consist of a combination of regular concrete, 
highstrength concrete (HSC), and fiber-reinforced concrete (FRC). Each layer plays a distinct role in 
enhancing the overall structural resilience: the outer layer absorbs the initial impact and disperses 
the energy across the structure, while the inner layers provide strength and stability, minimizing 
deformation and damage. The FRC layer, in particular, significantly enhances tensile strength, 
mitigating the risk of sudden structural failure.  
  

Our simulations were designed to model realistic scenarios that these structures would likely 
encounter. For example, in the blast load analysis, an explosion was simulated at varying distances 
from the structure to evaluate how well the multi-layer system could absorb and dissipate the 
shockwave. The results showed that multi-layer systems significantly outperformed traditional 
concrete structures in terms of energy absorption and crack mitigation. The outermost layer bore 
the brunt of the blast, while inner layers remained largely intact, protecting the core structure. This 



layered approach drastically reduced stress concentrations, limiting the severity and extent of crack 
propagation.  
  

In the seismic performance simulations, multi-layer systems demonstrated enhanced resilience by 
reducing peak displacements and distributing seismic forces more uniformly. This allowed the 
structure to maintain its integrity longer than its monolithic counterparts, which typically failed 
earlier under the same conditions. The seismic response of these multi-layered structures was also 
more controlled, with less damage occurring in critical areas such as joints and connections. By 
analyzing the time-history response and frequency domain behavior, we were able to observe the 
benefits of the layered system in mitigating resonance effects and reducing overall structural 
vibrations during earthquakes.  
  
Another critical aspect examined in this research is the impact resistance of the multi-layer systems. 
Simulations modeled high-velocity impacts, such as projectiles or debris from explosions, hitting the 
structure. The FRC layers proved particularly effective in preventing penetration and absorbing the 
kinetic energy of the impact, limiting damage to the inner layers. This finding is crucial for designing 
structures intended to withstand targeted attacks or accidental collisions.  

  

  
Keywords  
  

Multi-layer concrete structures, Safety design, Material optimization, Seismic performance,  
Dynamic simulations, Impact resistance, Structural resilience, High-strength concrete (HSC), 
Finite element analysis (FEA), Fiber-reinforced concrete (FRC)  

  
Introduction  
  
In an era marked by increasing global threats, including terrorism, natural disasters, and other high-
impact events, the safety and security of critical infrastructure have become paramount. 
Government buildings, military installations, and other sensitive facilities must be designed to 
withstand various hazards, including explosions, seismic activities, and projectile impacts. As such, 
the traditional methods of designing concrete structures are being reevaluated in light of these 
pressing demands. While conventional monolithic concrete designs have long been the standard, 
their performance under extreme dynamic loads often proves inadequate. This has led to the 
exploration of alternative design approaches, particularly multi-layer concrete systems, which 
present unique advantages in enhancing structural resilience and safety.  
  

Multi-layer concrete structures involve the strategic arrangement of different concrete materials in 
layers, each engineered to fulfill specific functions in the overall structural performance. This 
approach allows for a more effective distribution of stress and energy absorption during dynamic 
loading conditions. Unlike monolithic designs, which may fracture or collapse under severe impact, 
multi-layer systems can dissipate forces across multiple layers, reducing the risk of catastrophic 
failure. By utilizing combinations of standard concrete, high-strength concrete (HSC), and 
fiberreinforced concrete (FRC), these systems can be tailored to meet the unique demands posed by 
their operational environments. The outer layers, often composed of materials designed to absorb 
impact and energy, protect the inner layers that provide structural integrity and strength.  



  

The performance of multi-layer concrete structures under dynamic loads is particularly critical for 
security centers. These facilities are often tasked with safeguarding sensitive information and 
personnel, necessitating designs that can withstand the effects of blasts, earthquakes, and other 
extreme forces. The consequences of structural failure in such environments can be dire, 
underscoring the need for advanced engineering solutions. To evaluate the effectiveness of 
multilayer systems, this study employs advanced finite element analysis (FEA) simulations to model 
the response of these structures under various dynamic load scenarios, including explosive blasts, 
seismic events, and high-velocity impacts.  
  

Research into multi-layer concrete systems is not only pertinent to improving the safety of critical 
infrastructure but also holds promise for enhancing the efficiency of material use. By distributing 
stresses more effectively and limiting localized damage, these designs can reduce the amount of 
material required for construction while still achieving the necessary levels of protection. This 
approach aligns with current trends in sustainable construction, where optimizing material usage 
and minimizing waste are increasingly important considerations.  
  
Existing literature has explored various aspects of concrete structures for security applications, 
including material innovations and design methodologies. However, there remains a significant gap 
in comprehensive analyses that specifically focus on the dynamic performance of multi-layer 
systems in real-world scenarios. By addressing this gap, this paper aims to provide valuable insights 
into the design and implementation of multi-layer concrete structures for security centers.  
  

The objectives of this study are twofold: first, to assess the performance of multi-layer concrete 
systems under simulated dynamic loading conditions; and second, to compare their effectiveness 
against traditional monolithic designs. By employing sophisticated simulation tools such as ANSYS 
and Abaqus, the research seeks to identify the key factors contributing to the enhanced resilience of 
multi-layer structures, thereby offering recommendations for their application in high-security 
environments.  
  

In summary, the increasing threats faced by critical infrastructure necessitate innovative 
approaches to structural design. Multi-layer concrete systems present a promising solution by 
combining the strengths of various materials to enhance energy absorption and structural integrity. 
Through rigorous analysis and simulation, this study aims to contribute to the body of knowledge 
on resilient construction practices, ultimately guiding future developments in the design of secure 
facilities that protect against the myriad threats of our time.  
  
Materials and Methods  
  
1. Materials  

  
This study investigates the performance of multi-layer concrete structures composed of three 
primary materials: standard concrete, high-strength concrete (HSC), and fiber-reinforced concrete 
(FRC). The specific properties and characteristics of these materials are outlined below:  

  

•Standard Concrete: Standard concrete is utilized as the baseline material in this study. It is 
composed of Portland cement, water, aggregates (fine and coarse), and admixtures to enhance 



workability and durability. The compressive strength of standard concrete used in this study is 
approximately 30 MPa, which is suitable for general construction applications. This material serves 
as the outer layer in the multi-layer configuration to provide basic structural support and impact 
resistance.  

•High-Strength Concrete (HSC): High-strength concrete is used for its superior compressive 
strength and durability compared to standard concrete. It is designed to withstand high loads and 
is typically composed of a lower water-to-cement ratio, high-quality aggregates, and specialized 
admixtures. The compressive strength of HSC in this study is approximately 70 MPa. HSC is 
utilized in the inner layers of the multi-layer structure to enhance load-bearing capacity and 
improve overall stability.  

•Fiber-Reinforced Concrete (FRC): Fiber-reinforced concrete incorporates discrete fibers 
into the concrete mix to enhance its tensile strength and ductility. In this study, polypropylene 
fibers are used due to their effectiveness in reducing crack propagation and improving the 
material’s resistance to impact and fatigue. The FRC layer is crucial for dissipating energy during 
dynamic loading events, thus reducing the likelihood of catastrophic failure. The fiber content in 
the concrete mix is approximately 0.5% by volume, which has been shown to significantly 
improve structural performance.  

  
2. Multi-Layer Structure Design  
  
The multi-layer concrete system designed for this study consists of three distinct layers, each with 
specific thicknesses and material compositions. The overall configuration is as follows:  

  

•Outer Layer: Composed of standard concrete with a thickness of 15 cm. This layer acts as the 
first line of defense against dynamic loads, absorbing initial impacts and distributing stresses.  

•Middle Layer: Composed of high-strength concrete with a thickness of 10 cm. This layer provides 
additional strength and stability, enhancing the overall load-bearing capacity of the structure.  

•Inner Layer: Composed of fiber-reinforced concrete with a thickness of 5 cm. This layer is 
designed to absorb energy and mitigate the propagation of cracks, ensuring the integrity of the 
structure under extreme conditions.  

  

The total thickness of the multi-layer system is 30 cm, and the layers are bonded together using 
epoxy resin to enhance interlayer adhesion and improve structural continuity.  

  
3. Simulation Tools and Techniques  
  
To evaluate the performance of the multi-layer concrete structures under dynamic loading 
conditions, this study employs advanced finite element analysis (FEA) simulations. The following 
tools and techniques are utilized in the analysis:  

  



•Finite Element Analysis Software: ANSYS and Abaqus are the primary software tools used for 
simulating the behavior of the multi-layer concrete structures under various loading scenarios. 
These programs allow for detailed modeling of complex geometries, material behaviors, and loading 
conditions, providing accurate predictions of structural performance.  

•Model Setup: The multi-layer concrete structure is modeled in 3D using the software’s 
preprocessing capabilities. The dimensions of each layer, material properties, and boundary 
conditions are defined to replicate real-world scenarios. The outer surfaces of the model are 
subjected to dynamic loads, while the base is fixed to represent a realistic foundation scenario.  

•Dynamic Load Simulations: Three types of dynamic loads are simulated:  

•Blast Load Analysis: A blast load is applied using the ConWep function in ANSYS, which models 
the pressure and impulse generated by an explosion. The blast wave is applied to the outer layer of 
the structure at varying distances to assess its energy absorption capabilities.  

•Seismic Load Analysis: The seismic response is modeled using time-history analysis, which 
simulates ground motion during an earthquake. A predefined acceleration record is applied to the 
structure to evaluate its behavior under dynamic seismic loading.  

•High-Velocity Impact Analysis: Impact loads are modeled by simulating a projectile striking 
the structure at high velocity. The simulation assesses the ability of the multi-layer system to resist 
penetration and limit damage.  

  
4. Performance Evaluation Criteria  
  
The performance of the multi-layer concrete structures is evaluated based on several key 
indicators:  

  

•Energy Absorption: The amount of energy absorbed by the structure during dynamic loading is 
calculated to assess its effectiveness in mitigating impacts. This is determined by analyzing the 
stress-strain relationships and deformation patterns.  

•Crack Propagation: The extent and pattern of crack formation in the multi-layer structure are 
examined using post-simulation analysis. The number, length, and severity of cracks are quantified 
to understand how well the multi-layer system resists crack propagation compared to monolithic 
designs.  

•Structural Deformation: The overall deformation of the structure under dynamic 
loads is measured to evaluate its stability. Maximum deflections are recorded and 
compared across different loading scenarios.  

•Failure Modes: The modes of failure experienced by the multi-layer structure during 
simulations are analyzed to identify vulnerabilities and areas for improvement. Different 
types of failure, such as flexural failure, shear failure, and punching shear, are documented.  

  

  



5. Validation of Results  
To ensure the accuracy and reliability of the simulation results, the following validation procedures 
are implemented:  

•Comparative Analysis: The performance of the multi-layer concrete structure is compared to 
that of traditional monolithic concrete structures under identical loading conditions. This 
comparison helps establish the efficacy of the multi-layer design.  

•Sensitivity Analysis: A sensitivity analysis is conducted to assess the impact of varying material 
properties and layer thicknesses on the structural performance. This analysis helps identify optimal 
configurations for enhanced resilience.  

•Physical Testing (Future Work): Although not included in this study, future work will involve 
physical testing of multi-layer concrete prototypes to validate the simulation results and provide 
further insights into real-world performance.  

  
  
Analysis of Multi-Layer Concrete Structures  
  
1. Overview of Analytical Methodology  
  
The performance of multi-layer concrete structures under dynamic loading conditions was analyzed 
using advanced finite element analysis (FEA) tools. The primary objectives of the analysis were to 
evaluate the energy absorption capacity, crack propagation behavior, and structural deformation 
characteristics of the multi-layer configuration compared to traditional monolithic structures. This 
section details the analysis procedures, presents the results of the simulations, and provides 
insights into the structural performance of the multi-layer system.  

  
2. Simulation Setup and Parameters  
  
The FEA simulations were conducted using ANSYS and Abaqus with the following parameters:  

  

•Element Type: The structural elements were modeled using 3D solid elements (SOLID65 in 
ANSYS) suitable for concrete analysis.  

•Mesh Density: A mesh size of 10 cm was selected to ensure accurate results without excessive 
computational demand. A refined mesh was used around areas expected to experience high stress 
concentrations.  

•Material Properties:  

•Standard Concrete: Compressive strength (f’c) = 30 MPa, Young’s modulus (E) = 25,000 MPa, 
Poisson’s ratio (ν) = 0.2.  

•High-Strength Concrete (HSC): f ’c = 70 MPa, E = 40,000 MPa, ν = 0.18.  

•Fiber-Reinforced Concrete (FRC): f ’c = 50 MPa, E = 30,000 MPa, ν = 0.2.  



•Dynamic Load Cases:  

•Blast Load: Applied peak pressure of 1.5 MPa with an impulse duration of 0.2 seconds.  

•Seismic Load: A standardized response spectrum (SRS) was used, corresponding to a moderate 

earthquake (PGA = 0.4g).  

•Impact Load: A projectile of 1,000 kg impacting the structure at a velocity of 15 m/s.  

  
3. Results of Dynamic Load Analysis  

3.1. Blast Load Analysis  
  
The results of the blast load analysis are summarized in Table 1. The maximum deflections, energy 
absorption, and crack propagation are reported for both the multi-layer and monolithic concrete 
structures.  

  
Table 1: Blast Load Analysis Results  

  
             Structure Type            Max Deflection (cm)               Energy Absorbed (kJ)       Crack Length (cm)  

  
 Multi-Layer Structure   5.0                                      50.2                                10.2  

  
 Monolithic Structure  12.3                                      20.5                                                 25.6  
   

  
3.2. Seismic Load Analysis  
  
The seismic response was analyzed using time-history data, showing the peak displacements and 
accelerations experienced by both structures.  

  
Table 2: Seismic Load Analysis Results  

  
  Structure Type Peak Displacement (cm)      Base Shear (kN)        Max Acceleration (g)  

  

 Multi-Layer Structure   3.1                                  150                                                0.45  
  

  
 Monolithic Structure   7.8                                   240                                                  0.6  
        

  
Table 3: Impact Load Analysis Results  

  

  

  

  



 Structure Type Impact Force (kN)   Residual Strength (MPa)           Damage Level  

  
 Multi-Layer Structure  200                            35                                       Low  

  
 Monolithic Structure  400                           15                                                            High  

  
  
4. Discussion of Results  
The analysis results demonstrate that multi-layer concrete structures significantly outperform 
traditional monolithic structures in terms of energy absorption, deformation control, and resistance 
to damage.  

•Energy Absorption: The multi-layer structure absorbed approximately 144% more energy 
during blast loading than the monolithic structure, showcasing its enhanced capacity to mitigate the 
effects of explosive forces.  

•Crack Propagation: The reduced crack length in the multi-layer structure (10.2 cm) compared 
to the monolithic structure (25.6 cm) indicates that the multi-layer design effectively limits damage 
and maintains structural integrity under extreme loading.  

•Seismic Performance: The peak displacement of the multi-layer structure (3.1 cm) was less 
than half that of the monolithic structure (7.8 cm), highlighting the effectiveness of the layered 
design in maintaining stability during seismic events.  

•Impact Resistance: The multi-layer system demonstrated a lower damage level and maintained 
greater residual strength after impact, suggesting that it is better suited for environments prone to 
high-velocity impacts  

  

Figure 1. The operating principle of the SHM system in a multi-story building.  

  

 

This graph illustrates the energy absorption capabilities of multi-layer and monolithic structures 
under blast loading.  



 
  

  

 

  

 



  

  

  

  

  

  

 

  

  

Simulation of the building and foundation with size in x and y and z  

 

  



  

  

 

  

  

 

  

  



-story flexural concrete structure without and with considering SSI ٫ (a) fixed-base model; (b) SSI 
model.  

  

 

a. Modeling Structure  

 

  

  

  



  

  

 

  

  

 

  
  



  
Conclusion  

  
The results of this comprehensive analysis confirm that multi-layer concrete structures offer 
superior performance compared to traditional designs under dynamic loading conditions. This 
study emphasizes the importance of adopting innovative design strategies for critical infrastructure 
to enhance resilience and safety against various threats. Future research will explore the 
optimization of material compositions and layer configurations, as well as the integration of smart 
materials to improve structural performance further.  
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