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Abstract 

This study addresses the challenging task of modeling laminated glass responses to extreme loading scenarios for the 

design and analysis of protective structures. The primary objective is to seek an optimal modeling approach that balances 

accuracy and computational efficiency. To achieve this, the failure modeling of laminated glass layups comprising thin 

and thick panels with three and eleven layers is investigated under blast loading conditions. Various simulation techniques 

are employed, including the finite element method (FEM) with element erosion/deletion, smoothed particle hydrodynamics 

(SPH), and a hybrid approach involving the conversion of elements into particles. The feasibility and limitations of each 

technique are examined, considering both accuracy and computational cost. Experimental results from arena and shock 

tube testing scenarios assess the deployed modeling techniques and the presented comparisons. Emphasis is placed on 

mesh sensitivity and the significance of adaptive meshing in capturing fracture patterns. The present paper suggests that 

utilizing hybrid techniques results in optimal modeling outcomes. Furthermore, the stability of the modeling results under 

diverse blast conditions is confirmed. This article contributes to the field by offering insights into modeling laminated glass 

responses to extreme loading, emphasizing the use of hybrid techniques to strike a balance between accuracy and 

computational efficiency. This research enhances the understanding of protective structure design and analysis, 

highlighting the critical importance of computational methods in this context. 
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1. Introduction 

Due to its safety-enhancing characteristics, laminated glass is a versatile material with applications in diverse sectors, 

including architecture, automotive, defense, and aerospace. It comprises brittle exterior layers and polymeric interlayers, 

forming a protective composite against extreme exposures [1]. Despite numerous studies, predicting laminated glass 

behavior under various loads remains complex due to its complex structure and behavior [2]. Recent research has 

investigated critical aspects including glass compositions [3]; properties and behavior [4–6]; interlayer materials and 

lamination [7–9]; characterization [10–12]; bonding and delamination [13, 14]; and modeling techniques [2]. 

Firstly, glass forms the main component in laminated glazing units [15–19]. Various models were developed to 

tackle the nature of annealed [20, 21] and tempered glass [22, 23] under different conditions. Characterized by its 

complex and highly brittle response, the vital mechanical properties of glass were investigated [2], including the tensile 

and flexural strengths [24], fracture toughness [25], and the probabilistic nature of glass failure [26]. On the other hand, 

interlayer materials play a pivotal role in laminated glazing by enhancing strength, durability, and impact resistance 

[27]. Another frequent component of laminated glazing units (particularly in thick multi-layered units) is the 
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polycarbonate material [28], which offers superior impact resistance and toughness despite being more susceptible to 

scratching (compared to glass). Furthermore, it increases the glazing unit’s ability to absorb and disperse energy upon 

impact, preventing shattering [29]. 

Studies tackled the laminated glass behavior under varying conditions [7, 30]; high strain-rate effects [31]; 

constitutive models [32, 33]; fracture [34–36]; fatigue [6]; and aging [37], yielding improved understanding. Modeling 

the laminated glass response to blast loading is vital to understanding its response under such extreme exposures [38, 

39]. The implemented numerical techniques typically fall into three broad categories [40]: continuum-based, 

discontinuum-based, and hybrid. The continuum-based methods include the finite elements method (FEM), the extended 

finite element method (XFEM), and the finite element with element deletion (FEM-ED), among others. Meanwhile, the 

discontinuum-based methods include the discrete element method (DEM) and smooth particle hydrodynamics (SPH). 

Finally, the hybrid techniques include the finite-discrete element method (FDEM) and the finite element with smooth 

particle hydrodynamics (FE-SPH). A brief comparison of the various modeling techniques for laminated glass is 

summarized in Table 1. 

Table 1. Comparison of modeling techniques for laminated glass and laminated composites 

Modeling Method Main Applications Advantages Disadvantages 

FEM [41] 
Structural response, stress analysis, 
dynamic analysis 

Widely adopted, well-established, accurate 
representation of complex geometries, versatile 

for various material behaviors 

Mesh dependence, difficulties in capturing cracks 
and fractures, requires remeshing for crack 

propagation 

XFEM [42] 
Crack propagation analysis, fracture 
mechanics, progressive damage analysis 

Efficient for crack propagation simulations, 

eliminates the need for remeshing, accurate 
representation of complex fractures 

Complex implementation, computational overhead, 
requires enrichment functions for crack modeling 

CDM [43] 
Progressive failure analysis, impact 

analysis, fracture behavior modeling 

Captures damage evolution, suitable for 

progressive failure analysis, accounts for material 

softening and fracture behavior 

Requires constitutive models, calibration of damage 

parameters, may not accurately capture sudden 

failure or localized fractures 

ED [44] 
Crack initiation and propagation 

analysis, fracture mechanics, localized 

damage analysis 

Captures localized fractures, suitable for crack 

propagation analysis, computationally efficient in 

certain cases 

Simplified representation of crack behavior, limited 

applicability to specific fracture patterns or failure 

modes 

Adaptive FE [45] 
Stress concentration analysis, critical 
area analysis, optimization and design 

refinement 

Efficiently captures localized features and critical 
areas, reduces computational cost, improves 

accuracy in critical regions 

Additional computational cost for mesh adaptation, 
implementation complexity, requires careful 

selection of refinement and coarsening criteria 

DEM [46] 
Granular materials, fracture and 

fragmentation analysis, impact simulations 

Captures granular behavior, suitable for 
simulating glass fracture and fragmentation 

High computational cost, difficult to model 
complex geometries and large-scale structures, 

requires calibration of particle properties 

FDEM [47] 
Multi-scale analysis, laminated glass 

fracture, interfacial behavior 

Allows for modeling of the continuum behavior 

using FEM and the discontinuous behavior using 

DEM, captures scale-dependent fracture phenomena 

Increased computational complexity, requires 

calibration of interface properties, challenging to 

simulate dynamic loading conditions 

FE-CA [48] 
Fracture mechanics, crack propagation, 

localized damage analysis 

Captures localized fracture patterns, efficient in 

modeling crack propagation 

Complex implementation, requires calibration of 

parameters, limited applicability to specific fracture 

patterns, may not accurately capture crack 

branching 

FE-SPH [49-51] 
Fluid-structure interactions, impact 
simulations, blast loading analysis 

Captures fluid-structure interactions, suitable for 
modeling glass under impact or blast loading 

Computational cost, requires careful calibration of 
SPH parameters 

This article investigates the accuracy, efficiency, and computational demand of a subset of the listed modeling 

techniques, namely the Finite Element Method (FEM); FEM with Element Deletion (FEM-ED); smooth particle 

hydrodynamics (SPH); and the hybrid Finite Element-smooth particle hydrodynamics (FEM-SPH) method. Hence, the 

modeling techniques considered in this study are intended as a representative subset of the modeling techniques in Table 

1. These methods exhibit distinct strengths and capabilities that are highly pertinent to the specific objectives of this 

investigation. For example, the FEM-ED approach is recognized for accurately capturing localized fractures. In contrast, 

the FEM-SPH and SPH methods demonstrate exceptional performance in simulating high-velocity impact, damage, and 

fragmentation. The Finite Element Method (FEM), a widely adopted and well-established technique, serves as a 

benchmark for comparison. Moreover, selecting these methods takes into account factors such as the availability of 

relevant literature, computational resources, and expertise, ensuring their feasibility for implementation within the scope 

of this study. 

This article is structured in the “Materials and Methodology” section, first highlighting material properties through 

monolithic glass testing and a literature review. After that, the implemented modeling techniques (FEM, SPH, FEM-

ED, and FEM-SPH) are briefly introduced. The “Experimental Data” section presents the experimental data on 

laminated glass collected in the scope of this study through testing and from the literature. Then, the various modeling 

techniques are compared to the results presented in the “Results and Discussion” section. Finally, the main findings are 

summarized in the “Conclusions” section. The flowchart of this investigation is presented in Figure 1. 
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Figure 1. The flow chart of the investigation procedure 

2. Materials and Methodology 

This section provides an overview of the material properties modeling techniques implemented in modeling 

laminated glass (LG) units against blast loading (Field blast testing and shock tubes). Initial emphasis is placed on the 

material properties collected through monolithic glass testing and from the literature. Subsequently, the section details 

adopted modeling methods: Finite Element Method (FEM), Finite Element with Element Deletion (FEM-ED), smooth 

particle hydrodynamics (SPH), and hybrid Finite Element with smooth particle hydrodynamics (FEM-SPH). 

2.1. Material Properties 

Understanding the properties of the constituent materials in a laminated glass unit is crucial for accurately predicting 

the laminated glass's response during blast loading [52]. The laminated glass units investigated in this study were 

composed of soda-lime-silica annealed glass, thermoplastic polyurethane (TPU), and polyvinyl butyral (PVB) 

interlayers, as well as polycarbonate (PC) material. The following subsections provide a detailed analysis of the 

properties and behavior of these materials under blast exposure. 

2.1.1. Annealed Glass 

Various glass types play roles in construction, including annealed, heat-strengthened, and toughened glass [53]. In 

this study, annealed glass was modeled by employing an elastic-brittle cracking model. The material properties were 

collected through a testing program by glass manufacturer SISECAM. Chemical compositions were determined using 

X-ray fluorescence (XRF), analyzing characteristic fluorescent X-rays emitted when bombarded with high-energy X-

rays. Composition results for soda-lime annealed glass are provided in Table 2. 

Table 2. The chemical compositions of the tested soda-lime annealed glass 

Component Min Max Mean SD 

SiO2 71.24 72.29 71.84 0.33 

Al2O3 0.810 1.190 1.008 0.110 

Fe2O3 0.063 0.081 0.071 0.003 

TiO2 0.036 0.059 0.045 0.005 

CaO 8.270 8.860 8.529 0.176 

MgO 4.240 4.480 4.393 0.067 

Na2O 13.570 13.920 13.739 0.072 

K2O 0.040 0.350 0.174 0.121 

SO3 0.180 0.230 0.203 0.013 

Na2O + K2O 13.750 14.130 13.910 0.101 

CaO / MgO 1.846 2.024 1.941 0.054 
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Moreover, based on the testing program for 44 annealed glass specimens in SISECAM laboratories, essential 

mechanical properties obtained for simulation are listed in Table 3.  

Table 3. The material properties implemented in the modeling of the annealed glass layers 

Parameter Value 

Density 2530 Kg/m3 (158 lb/ft3) 

Elastic modulus 
72000 MPa (10443 ksi) Quasi-static 

94500 MPa (13706 ksi) @ 1700 strain rate 

Stress failure limit 110 Mpa (16 ksi) 

Poisson ratio 0.22 

Modulus of Toughness 0.076 

Energy release rate 0.0075 millijoule/mm2 

Ultimate stress 100 MPa (14.50 Ksi) 

Crack opening displacement 0.05 mm (0.002 in) 

Various models were collected and tested for the annealed glass from the literature, including the straightforward 

brittle elastic model with a brittle cracking limit associated with the 70-100 MPa strength limit, up to the advanced 

damage initiation and propagation models by Johnson-Holmquist for ceramics, the model developed by Bedon et al. 

(2022) [54], the model developed by Hidallana-Gamage et al. [39] and others [55, 56]. The simple brittle cracking 

model offered satisfactory results at 47% less computational cost compared to the implementation of damage 

propagation models. The error recorded in the displacement was 9.4%, deemed adequate in simulating the 

experiments in this study 

2.1.2. Polycarbonate 

Polycarbonate, an amorphous polymer composed of carbonate functional groups, is synthesized via condensation 

polymerization of bisphenol A (BPA) and phosgene, resulting in a high molecular weight chain-like structure. Its 

viscoelastic and energy-damping nature allows energy absorption during impact, and its linear chain structure 

contributes to enhanced mechanical performance, granting notable tensile and flexural strength. 

This study modeled polycarbonate as an elastic-plastic material with properties listed in Table 4. Viscoelastic effects 

are disregarded for computational efficiency due to high-strain rate conditions. 

Table 4. A summary of the material properties of PC, PVB, and TPU 

Parameter PC PVB TPU Unit 

Density 1200 (74.9) 1180 (73.7) 1077 (67.2) Kg/m3 (lb/ft3) 

Elastic modulus 2380 (345) 2400 (348) 3500 (508) MPa (ksi) 

Elastic modulus at 300 s-1 2800 (406) 2700 (392) 3800 (551) MPa (ksi) 

Poisson’s ratio 0.40 0.35 0.45 - 

Ductile, Ultimate hydrostatic cutoff stress 60 (8702) 60 (8702) 80 (11603) MPa (psi) 

The mechanical behavior of polycarbonate is considered at a strain rate of 300 1/s. Reference is made to Cao et 

al.’s (2012) study to capture material behavior accurately [55]. The experimental force-displacement curve from Cao 

et al.’s work is adjusted for simulation stability by fitting it to a second-degree polynomial while preserving the 

fracture energy release rate. The adapted force-displacement curve, alongside the original experimental curve, is 

displayed in Figure 2. 
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Figure 2. The response curve implemented in the analyses of (a) PVB, (b) TPU, and (c) Polycarbonate 

2.1.3. Interlayer Materials 

Interlayer materials significantly influence laminated glass's mechanical behavior, particularly in maintaining 

integrity and affecting stress distribution and energy absorption. Commonly used are polyvinyl butyral (PVB) and 

thermoplastic polyurethane (TPU) interlayers [7]. Their properties strongly impact laminated glass under varied loads. 

Thickness and interlayer material used also affect energy absorption and failure mode. This study incorporates Saflex 

PVB [57] and Krystalflex TPU [58] interlayers in the tested laminated glass configuration (Table 5). PVB and TPU are 

modeled as Plastic materials with initial elasticity up to the yielding limit. The viscoelasticity of the interlayers under 

High strain rates, short blast durations, and below-glass transition temperature was deemed negligible. The stress-strain 

curves (Figure 2) depict the mechanical behaviors of investigated interlayer materials. These properties correspond to 

materials tested at a high strain rate (400/s – 6500/s) and a temperature of (20-25) Celsius 

Table 5. The configuration of the laminated glass unit used in the blast testing 

Layer Property Thickness Weight 

No. Name in mm lb. kg 

1 Polycarbonate 0.115 2.9 5.96 2.70 

2 TPU KrystalFlex 0.030 0.8 1.48 0.67 

3 Polycarbonate 0.115 2.9 5.96 2.70 

4 TPU KrystalFlex 0.030 0.8 1.48 0.67 

5 Annealed Glass 0.469 11.9 54.7 24.81 

6 TPU KrystalFlex 0.030 0.8 1.48 0.67 

7 Annealed Glass 0.469 11.9 54.7 24.81 

8 TPU KrystalFlex 0.030 0.8 1.48 0.67 

9 Annealed Glass 0.355 9.0 54.7 24.81 

10 TPU KrystalFlex 0.030 0.8 1.48 0.67 

11 Annealed Glass 0.355 9.0 54.7 24.81 

 Total 2.028 51.5 238.13 108.01 
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2.2. Modeling Techniques 

The process of modeling the response of laminated glass units is critical in the industry for analyzing, designing, and 

predicting the end response of the manufactured laminated glass under a wide range of extreme loading scenarios [2]. 

This study implements four modeling techniques, including FEM, FEM-ED, SPH, and FEM-SPH methods. All 

modeling techniques were investigated using the Abaqus-Explicit solver. The main parameters needed are summarized 

in Table 6. The material properties and definitions are given in the “Material Properties” section, Tables 3 and 4. The 

following context briefly discusses the procedure followed in each modeling technique. 

Table 6. A summary of the main modeling parameters 

Method Parameter Value 

General 

Constitutive models “Material Properties” section 

Boundary conditions Clamped/Fixed, four sides 

Static contact coefficient 0.3 

Kinematic contact coefficient 0.3 

Contact damping 0.7 

Simulation time step Calculated minimum stable time increment 

FEM 
 

Element type 3D triangular linear elements, reduced integration, hourglass control 

Mesh size 
0.1 mm ~ 1 mm Fine mesh, 

10 mm ~ 50 mm coarse mesh 

FEM-ED Element deletion criteria Maximum stress 

SPH 

 

Kernel function Cubic spline kernel function 

Particle distribution 
0.1 mm ~ 1 mm for fine modeling, 

10 mm ~ 50 mm for rough predictions 

FEM-SPH 

 

Coupling method Penalty method 

Contact algorithm Penalty method 

 Crack initiation and propagation Allowed, Stress-based conversion threshold. 

2.2.1. FEM 

In this study, finite element modeling serves as a benchmark for comparison. The laminated glass assemblies were 

modeled using structured 3D eight-node linear elements (type C3D8R) with reduced integration and hourglass control. 

The adapted mesh size varied between 0.5 and 1 mm for the various assemblies. The contacting nodes between the glass 

and interlayers are merged. Consequently, glass debonding from the interlayer is not modeled in the simulation. This 

practice aligns with the findings of others [59], wherein empirical examinations involving field blast tests on laminated 

glass have consistently demonstrated the rare incidence of delamination between fractured glass and the interlayer. This 

simplification helps to improve computational efficiency, as it reduces the number of degrees of freedom in the model. 

To further improve computational efficiency, an adequate thickness of the interlayers was implemented using the 

concept of equivalent material stiffness. This involved combining a small portion of the adjacent glass layers with the 

interlayers. Meanwhile, the elastic modulus of the PVB was scaled to 2400 and 2700 MPa at quasi-static and 300 1/s 

strain rates, respectively. Meanwhile, the elastic modulus for TPU was scaled to 3500 and 3800 for quasi-static and 300 

1/s strain rates, respectively. This implementation results in a more uniform element size across the model, enhanced 

numerical stability, and lower computational cost. 

2.2.2. Hybrid FEM-ED 

The element deletion method offers crack simulation and is a widely utilized approach where an element is promptly 

removed when it satisfies a failure criterion. This approach has found application in simulating glass fracture and various 

other problems [60]. In this method, the stiffness matrix of an element is set to zero within a single time increment of 

meeting the failure criterion at one or more of its integration points. It does not account for damage softening or consider 

the crack's directionality. The Rankine principal stress criterion is employed as the fracture criterion for macroscopic 

linear elastic-brittle materials. 

To mitigate dynamic effects during the elastic phase, an artificially high density is used to increase inertia. Moreover, 

the contact cohesion between the various layers was included using normal and shear penalty coefficients at the 

interfaces (Table 6). This adjustment also results in a higher stable time increment. In this modeling technique, the 

fracture strength is expected to be reached when the strain reaches 0.1% in uniaxial tension. Once the failure stress is 

attained, the element loses its load-bearing capacity entirely. At that moment, all strain energy within the element 

dissipates instantaneously as the material stiffness becomes zero. Consequently, no stress oscillations occur, and there 

is no viscous dissipation of energy through stress wave damping. 
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2.2.3. SPH 

Load modeling of laminated glass. It uniquely discretizes continuum equations without relying on spatial meshes, 

making it well-suited for complex problems involving substantial deformations and free surfaces, such as structural 

issues and fragmentation. While effective, SPH may exhibit lower accuracy compared to Lagrangian finite element 

analyses for mild deformations and Eulerian-Lagrangian analyses for severe deformations. Challenges involve tensile 

instability and boundary condition definition. Tensile instability, causing unphysical particle clustering, is counteracted 

by introducing artificial stress through short-range repulsion. Poor kernel estimates near domain edges impacting 

boundary conditions are mitigated by enforcing conditions and smoothing near-edge estimations. Addressing these 

challenges enables SPH's reliable and accurate simulations for blast-loaded laminated glass. 

In this study, SPH with a cubic kernel formulation was implemented to model the laminated glazing units. For this 

purpose, a 3D mesh was used to generate uniformly distributed particles through the conversion of elements to particles 

at time zero of the simulation. 

2.2.4. Hybrid FEM-SPH 

The hybrid use of the finite element method (FEM) with smoothed particle hydrodynamics (SPH) through element 

conversion offers a valuable approach for modeling laminated glass subjected to blast loads. This method involves 

converting a portion of the FEM mesh into SPH particles, allowing for an accurate representation of fragmentation and 

significant deformations. This conversion is performed element-wise once an element reaches a conversion threshold 

(e.g., Stress, strain, displacement, energy release rate). However, several challenges need to be addressed when utilizing 

this hybrid approach. Challenges in the hybrid FEM-SPH approach through element conversion include proper 

conversion techniques and enforcing interaction between the FEM and SPH regions. Remedies for these challenges 

involve employing appropriate penalties and damping, ensuring compatible interpolation schemes between FEM and 

SPH elements, and accurately mapping the physical properties from the FEM to the SPH region. Additionally, 

addressing potential issues related to capturing crack initiation and propagation are essential aspects to consider in this 

hybrid approach. By addressing these challenges and implementing their respective remedies, the hybrid FEM-SPH 

approach through element conversion can provide reliable and precise simulations of laminated glass under blast loads. 

3. Experimental Data 

3.1. Experiments from the Literature 

In this study, several experimental results by others [7, 14, 61–63] were collected and examined against different 

modeling techniques to compare these techniques in terms of accuracy and computational efficiency. The experiments 

include blast testing results on three layers of annealed laminated glass panels with PVB interlayers. The panel 

dimensions and blast load characteristics are given in Table 7. All experiments featured a panel configuration of 3-1.52–

3 (3 mm annealed glass- 1.52 mm PVB – 3 mm annealed glass) except for Larcher et al. [62] study, where the LG unit 

has the configuration 6- 2.28-6. In this context, only the positive phase of each experiment was considered. The 

negligible influence of the negative phase in all considered experiments can be attributed to the positive phase pressures 

surpassing the negative phase pressures by a ratio greater than 5. . 

Table 7. Experimental data examined from the literature 

ID Source 
Dimensions 

(m) 
Scenario Weight 

Standoff 

Distance (m) 

Peak Pressure 

(kPa) 

Duration 

(ms) 

EXP.1 Larcher-1 0.89 × 1.09 Shock tube - - 150 36 

EXP.2 Larcher-2 0.89 × 1.09 Shock tube - - 105 29 

EXP.3 Hooper-1 1.5 × 1.2 Blast Test 15 kg C4 10 155 6 

EXP.4 Hooper-2 1.5 × 1.2 Blast Test 15 kg C4 13 91.2 6 

EXP.5 Morison-1 1.25 × 1.55 Blast Test 60 kg TNT 12 59 7 

EXP.6 Morison-2 1.25 × 1.55 Shock tube eqiv.100 kg TNT 31 58 14.5 

EXP.7 Morison-3 1.25 × 1.55 Shock tube eqiv.500 kg TNT 65 42 27.8 

EXP.8 Kranzer-1 1.1 × 0.9 Blast Test 0.125 kg PETN 2 60 20 

3.2. Experimental Program 

3.2.1. Arena Blast Testing 

In this study, to validate the accuracy of modeling the fracture pattern and the performance condition, the results of 

an arena blast testing conducted by RedGuard were obtained. This test featured a laminated glass unit attached to an 8 

ft × 20 ft (2.44 m × 6.1 m) blast-resistant modular building (BRM). The BRM unit was placed on the natural ground 
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without restraining/anchoring. The tested laminated glass (LG) unit has the dimensions 36 in × 36 in (915 mm × 915 

mm) with an approximate nominal thickness of 2 in (51.5 mm). The glazing unit was attached to the front face of the 

blast-resistant modular building at the center (Figure 3). The configuration of the tested laminated glass is given in Table 

5. This configuration was designed using WINGUARD software. Moreover, to validate the accuracy of the modeling in 

predicting the performance of the glazing unit under various exposures, the configuration was designed to receive two 

successive blast tests, passing the first test with minimal damage of 1-2 performance criteria while failing at the second 

test with a performance criterion of 5 as per GSA-TS01-2003. 

 

Figure 3. Front view (Explosion side) of the BRM unit and the tested LG unit 

For this test, the BRM unit’s interior was equipped with multiple pressure gauges, witness plates, an accelerometer, 

and a high-speed camera (Figure 4). Multiple Free-Field Pencil Probes with Decibel Meters were installed on the testing 

site to record the blast wave. The BRM unit’s responses were recorded via a Linear encoder (Figure 5). Furthermore, 

multiple pressure sensors were installed to record the reflected pressure (front, top, rear, and side of the BRM unit). 

Finally, the front face of the BRM unit was painted with Chartek-2218 epoxy passive fire protective (PFP) coating. 

 

Figure 4. The setup inside the blast-resistant modular unit before testing 

 

Figure 5. Rear view of the Blast resistant modular unit before testing and allocation of sensors 
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3.2.2. The Testing Program 

This section presents the testing results of two successive blast tests conducted following the Standard Test Method 

for Glazing Systems by the General Service Administration (GSA). These results are implemented in validating the 

modeling techniques in the following sections. The GSA standard utilizes the ISC Security Design Criteria to evaluate 

the effectiveness of window systems when subjected to blast loads. The degree of protection and related hazard levels 

are classified according to performance conditions summarized in Table 8. These conditions are established based on 

the post-testing position of the glass fragments and debris in relation to the initial location of the window prior to the 

blast test. 

Table 8. GSA / ISC performance conditions for window system response (GSA-TS01-2003) 

Performance 

Condition 

Protection 

Level 

Hazard 

Level 
Description of Window Glazing Response 

1 Safe None Glazing does not break. No visible damage to glazing or frame. 

2 Very high None Glazing cracks but is retained by the frame. Dusting or very small fragments near sill or on floor acceptable. 

3a High Very low Glazing cracks. Fragments enter space and land on floor no further than 3.3 ft (1 m) from the window. 

3b High Low Glazing cracks. Fragments enter space and land on floor no further than 10 ft (3 m) from the window. 

4 Medium Medium 
Glazing cracks. Fragments enter space and land on floor and impact a vertical witness panel at a distance of 

no more than 10 ft (3 m) from the window at a height no greater than 2 ft (0.61 m) above the floor. 

5 Low High 

Glazing cracks and window system fails catastrophically. Fragments enter space impacting a vertical 

witness panel at a distance of no more than 10 ft (3 m) from the window at a height greater than 2 ft (0.61 

m) above the floor. 

In this study, the LG unit was tested against two successive explosions positioned with the layout given in Figure 6. 

The blast scenarios were designed so that the first test would inflict minimal damage of 1 to 2 performance criteria. 

Meanwhile, the second test would cause a failure of the LG unit with a performance criterion of 5 as per GSA-TS01-

2003 (Figure 6).  

 

Figure 6. The blast testing site plan and the installation of the laminated glass unit 

The first test was conducted with an explosive charge of 6,000 pounds (2720 kg) of ammonium nitrate/fuel oil 

(ANFO) and with a standoff distance of 193 feet (59 m) to the center of the glazing unit. The second blast test involved 

an explosive charge of 3,000 pounds (1360 kg) of ANFO (Figure 7). The time-lapse camera feed during the two 

successive blast tests is shown in Figure 8. The duration of the recorded blast exposures was estimated for the first blast 

test as 19.7 milliseconds, while the second blast test had a duration of 6.5 milliseconds. The blast tests generated 19.3 

psi and 136 psi blast pressures, respectively. The blast wave propagation towards the laminated glass specimen was 

particularly observed during the second blast test, as depicted in Figure 8. 
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Figure 7. The laminated glass unit design performance criteria during the blast testing 

 

Figure 8. The blast testing sessions and the incident of the blast wave 

3.2.3.Post-testing Inspection 

Upon inspection, there was no notable structural damage to the BRM unit following the first blast test. This satisfied 

the requirements for a “Low damage level” rating per the ASCE designations. The laminated glass unit experienced 

minimal signs of damage, which falls into the first performance criteria as per the GSA- TS01-2003. Meanwhile, the 

second test failed the laminated glass unit with fragments hitting the witness plate. The results of the two consecutive 

blast tests are summarized in Table 9. A sample of the recorded pressure time history record from the installed probes 

is shown in Figure 8 for the second test. 

Table 9. The response of the laminated glass following field blast testing 

Test ID 
Blast Parameters Performance 

Condition of LG 

Witness Plate 

Condition 
Description of Window Glazing Response 

Pressure (psi) Duration (m sec) 

Test No.1 19.3 19.7 1 No fragments 
No visible damage to the glazing or frame. Glazing did 

not break. 

Test No.2 136 6.5 5 
Fragments reached 

the witness plate 

Glazing cracks and window system fails catastrophically. 

Fragments enter space impacting a vertical witness panel 
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Figure 9. The record of the impulse time history during the blast test 

4. Results and Discussion 

The laminated glass units are modeled using mesh-based, mesh-free, and hybrid techniques. In this section, a 
comparison of accuracy and computational cost of the Finite Element Method (FEM); FEM with Element Deletion 

(FEM-ED); smooth particle hydrodynamics (SPH); and the hybrid Finite Element-smooth particle hydrodynamics 
(FEM-SPH) is presented. 

4.1. Modeling Accuracy 

4.1.1. Displacement Modeling 

The displacements analyzed in this study pertain specifically to the midpoint of the laminated panel. An extensive 
modeling endeavour was undertaken to accurately capture the experiments presented in Table 7, comprising numerous 
executions and meticulous calibration. The modeling efforts were bifurcated into two distinct phases: (1) modeling the 
behavior up to the ultimate response and (2) modeling the response with the rebound phase. The assessment of the 

modeling accuracy up to the ultimate response was examined in the case of EXP.1, EXP.3, EXP.6, and EXP.7, as 
presented in Figure 10. The modeling of these experiments indicates that the employed modeling techniques generally 
yielded satisfactory results in replicating the peak displacement response. However, several notable considerations 
emerged during the modeling exercise. 

 

Figure 10. Modeling the laminated glass response up to the ultimate response 



Civil Engineering Journal         Vol. 9, No. 11, November, 2023 

2907 

 

Initially, it was observed that the absence of a well-defined re-meshing rule in the Finite Element Method (FEM) 

modeling led to minor instances of divergence at the peak response, attributable to the onset of excessive mesh distortion. 

Moreover, among the array of modeling techniques employed, both the hybrid approaches integrating FEM with 

Element Deletion (FEM-ED) and Smoothed Particle Hydrodynamics (FEM-SPH) demonstrated superior accuracy in 

capturing the response characteristics of the laminated glass panel. Specifically, the FEM-ED technique exhibited a 

lower-bound response curve, which marginally underestimated the overall response owing to the removal of elements 

and subsequent dissipation of energy absorbed by the deleted elements. Conversely, the FEM-SPH approach 

demonstrated a slight amplification of the response due to the localized energy concentration within the particles. This 

discrepancy can be mitigated by meticulously formulating the interaction between the free particles and the continuum 

medium. Notably, the full SPH modeling technique exhibited a more pronounced issue regarding localized energy 

absorption and an associated overestimation of the response. Nonetheless, employing the aforementioned modeling 

strategies allows for a satisfactory agreement with the experimental findings. 

 

Figure 11. Modeling the rebounding response of laminated glass 

In contrast, the hybrid methods (FEM-ED and FEM-SPH) exhibited superior accuracy in capturing the rebound 

response. However, implementing the FEM-ED exhibits a minor inclination to underestimate the observed response. 

This underestimation was particularly evident in the case of EXP.4, where the interlayer experienced significant tensile 

strains. In such instances, the experimental response surpassed the predictions generated using the FEM-ED technique, 

emphasizing the limitations of this approach. 

4.1.2. Fracture Pattern and Fragmentation Modeling 

This section focuses on the modeling of fracture patterns and fragmentation in laminated glass using two hybrid 

techniques: the Finite Element Method with Element Deletion (FEM-ED) and the Finite Element Method with Smoothed 

Particle Hydrodynamics (FEM-SPH). The results of the numerical simulations are evaluated against experimental data 

(EXP.8) and the experimental testing program conducted in this study (Test.1 and Test.2), respectively. 

4.1.2.1. Effect of Mesh Size 

To investigate the effect of mesh size on the modeled response, a record of the back side of EXP.8 is depicted in 

Figure 12-c. This record was modeled with a coarse mesh (element size 30 mm) as shown in Figure 12-a. A very fine 

mesh modeling (element size less than 0.1 mm) of this experiment was performed by Larcher et al. [62], as shown in 

Figure 12(b). The results suggest that a coarse mesh can still predict the prominent diagonal cracks at a mesh size of 

1/30 of the panel size. However, it is observed that the accuracy of the FEM-ED technique is highly influenced by the 
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characteristics of the mesh employed, particularly the type and size of the finite elements. Implementing FEM-ED 

requires delicate meshing, as the predicted cracking pattern depends on the mesh quality. A relatively fine meshing is 

required to capture fine cracking (less than or equal to 1/5000 of the panel size). This is attributed to the proportional 

relationship between the dissipated energy resulting from element deletion and the size of the finite elements. 

 

Figure 12. Modeling cracking pattern of EXP.8 with FEM-ED, (a) coarse mesh, (b) fine mesh [62], and (c) experimental 

results by Kranzer et al. [7] 

4.1.2.2. Fragmentation Prediction 

By utilizing the hybrid implementation of the FEM-SPH technique, a comprehensive evaluation of laminated glass 

performance, fracture pattern, fragmentation, and performance condition can be achieved. However, due to its reliance 

on element deletion, the FEM-ED technique does not account for fragmentation phenomena. 

In this study, the FEM-SPH technique has been investigated by modeling cracking patterns and performance 

conditions recorded on the back side of TEST.1 and TEST.2. The findings are presented in Table 10 and Figure 13 for 

the performance conditions and the cracking pattern, respectively. It can be seen that the FEM-SPH is capable of 

predicting fragmentation hazards and the performance conditions of a given laminated glass. Furthermore, FEM-SPH 

could capture the prominent cracks along the diagonal line of the laminated glass and minor cracks at a medium particle 

density corresponding to an initial mesh size of 1/20 of the panel's short dimension (25 mm). 

Table 10. Predicting the performance conditions of laminated glass using FEM-SPH per GSA-TS01-2003 

Instance Performance Condition Protection Level Hazard Level 

Test No.1 Experimental 1 Safe- Very high None 

Test No.2 Experimental 5 Low High 

Test No.1 Modeling 1 (three runs) Safe- Very high None 

Test No.2 Modeling 4-5 (three runs) Low High 

 

Figure 13. Modeling cracking pattern with FEM-SPH 
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The capacity of the FEM-SPH technique to generate a higher number of cracks that are more uniformly distributed 

throughout the laminated glass specimens is attributed to the system's energy retained in the particles, thus circumventing 

the sudden energy loss encountered in the FEM-ED technique. These particles remain attached to the interlayer until the 

strain energy surpasses the cohesive contact limit, at which point detachment from the glass panel occurs. The results, 

presented in Figures 12 and 13, and Table 10, highlight the ability of both modeling techniques to accurately predict the 

initiation and propagation of cracks, mesh size sensitivity, and fragmentation within the laminated glass specimens. 

4.2. Computational Efficiency 

Modeling the response of laminated glass to extreme loading scenarios is a computationally intensive task in 

designing and analyzing protective structures. Therefore, an optimal modeling approach must carefully balance accuracy 

with computational resources. This study employed a typical four physical Intel(R) Core (TM) i7-8550U CPU @ 1.80 

GHz processor with 12 GB RAM. Moreover, GPU processing capabilities were not employed in this investigation. The 

optimization was done by incrementally tuning the number of processing cores and the threads implemented. The CPU 

and memory usage percentages, as well as the CPU time during each simulation trial, were recorded. The mean and 

maximum encountered figures are presented in Table 11. Furthermore, to directly correlate the computational demand 

with accuracy, the measured mean and maximum percent error based on the displacement estimate at the mid-span of 

the laminated glass unit was amended to Table 11. The expression used to estimate the percent error is presented in 

Equation 1, where y0 is the experimental displacement while y1 is the numerical approximation of the displacement 

response. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 = |
(𝑦0−𝑦1)

𝑦0
| × 100  (1) 

Table 11. The computational performance of the modeling techniques 

Measurement Process CPU Usage Process Memory Used CPU time (sec) Percent Error 

FEM 
Average 69% 75% 840 13% 

Maximum 91% 94% 2880 29% 

SPH 
Average 65% 73% 960 11% 

Maximum 93% 93% 3540 30% 

FEM-ED 
Average 60% 70% 750 6% 

Maximum 84% 97% 1860 14% 

FEM-SPH 
Average 72% 79% 870 5% 

Maximum 90% 97% 2100 12% 

It was observed that the capability of multiprocessing allows for efficient deployment of the hybrid techniques to 

approach the time required with the FEM technique. The efficient deployment of the FEM-ED and FEM-SPH can 

provide the best accuracy for maximum displacement with a percent error as low as 6% and 5%, respectively. 

5. Conclusion 

This study evaluates various modeling techniques for analyzing laminated glass responses to blast loading, 

highlighting their effectiveness and limitations. The investigation encompasses two modeling phases: pre-ultimate 

response and rebound behaviour. 

In the pre-ultimate response phase Finite Element Method (FEM) modeling demonstrated limitations due to mesh 

distortion without re-meshing rules. In contrast, hybrid methods like FEM with Element Deletion (FEM-ED) and 

Smoothed Particle Hydrodynamics (FEM-SPH) exhibited superior accuracy. FEM-ED provided lower-bound responses, 

influenced by element removal and energy dissipation, and whereas FEM-SPH showed slight amplification due to 

localized energy concentration. Adaptive meshing improved FEM-ED accuracy. Meanwhile, full SPH modeling 

exhibited localized energy absorption but generally aligned with experimental data. 

In the rebound phase, FEM faced challenges due to mesh distortion, while SPH occasionally overestimated damage. 

Hybrid approaches, especially FEM-ED and FEM-SPH, achieved higher accuracy. All modeling techniques effectively 

predicted cracking initiation and propagation. FEM-ED's accuracy depended on mesh quality, while FEM-SPH resulted 

in a higher number of uniformly distributed cracks. The hybrid FEM-SPH approach allowed comprehensive evaluation 

but did not account for fragmentation. Resource analysis, including CPU and memory usage percentages and CPU time 

(Table 11), provided valuable insights into resource-accuracy trade-offs, contributing to the understanding of laminated 

glass modeling for protective structure design. 

In summary, this research informs the choice of modeling techniques for studying laminated glass responses to 

extreme loading scenarios. It highlights the strengths and limitations of each approach, aiding in the design and analysis 

of protective laminated glass. 



Civil Engineering Journal         Vol. 9, No. 11, November, 2023 

2910 

 

5.1. Limitations and Future Research 

This study primarily focuses on the response of laminated glass to high-strain rates and short-duration blast scenarios. 

Future research could enhance the applicability of the modeling techniques to static and quasi-static loading conditions 

by incorporating more computationally demanding material models, especially for the interlayers exhibiting hyperelastic 

and viscoelastic responses. Anticipated impacts include alterations in both accuracy and computational cost. 

Additionally, the dataset utilized in this study is limited in its range of explosion loads and features consistent structural 

dimensions. Future research opportunities lie in exploring the effects of varying load characteristics and geometries on 

accuracy and computational demand. Addressing these limitations will examine the applicability of the presented 

conclusions, ultimately advancing the field of blast-resistant materials and structural design. 
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