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ABSTRACT 
 

The present study deals with the numerically predicted response of a masonry wall 

strengthened in flexure using glass fiber reinforced polymer (GFRP) longitudinal strips and 

subjected to equivalent blast static loading. Threat levels to the blast loading in terms of 

support rotation of the wall are compared with the experimental results available in 

literature. A parametric study has been carried out to examine the effect of thickness, width, 

strength of FRP strips, and different laminates, i.e., cross-ply, angle-ply and quasi-isotropic 

on the response of the masonry wall. Moreover, the effect of the slenderness ratio, i.e., L/d 

and aspect ratio i.e., L/B of the wall are also considered in the parametric study. It is 

observed that equivalent static loading could be used for masonry wall subjected to blast 

loading to predict the threat level under blast situation. 

 

Keywords: Equivalent blast static loading; Fiber reinforced polymer; Masonry walls; 

Numerical modelling. 

 

 

1. INTRODUCTION 
 

Explosives directed towards vulnerable structures may cause considerable damage and loss 

of life. As a result, there is now a desire to increase the blast resistance of many types of 

existing structures. This has led to the experimental and finite element (FE) analysis based 

research for retrofitting the concrete and masonry structures with FRP composites for blast 

protection. Numerous studies have been conducted to improve the out-of-plane behavior of 

URM walls subjected to blast loading with various retrofitting materials such as fiber 

reinforced polymers (FRP), steel wire mesh, elastomeric surface coatings, etc. Muszynski 

and Purcell [1] conducted tests on masonry walls with carbon fiber reinforced polymer 

(CFRP) retrofit. They observed 98% reduction in displacement when compared to the 

control wall. After test, the CFRP felt loose to the touch because masonry blocks were 

completely destroyed. Myers et al. [2] reported explosive trials on masonry walls with 
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GFRP rods and GFRP strip retrofits. These walls when subjected to a series of increasing 

intensity blast tests showed 50% increase in peak pressure resisted and reduction in debris 

scatter. It was found that unreinforced masonry (URM) walls failed due to their limited 

tensile capacity. Myers et al. [2] used single degree of freedom (SDOF) method to predict 

the response of a retrofitted wall, and concluded that this approach could be used to predict 

the blast response of walls strengthened with FRP. Newmark [3] gave equations that used an 

equivalent static approach for blast analysis and design, providing the required ultimate 

strength of an element. Johnson et al. [4] reported the use of elastomeric systems like 

polyurea, reinforced polyurea, thermoplastic film and polyurethane film in retrofitting 

masonry units. It was observed that the capacity of retrofitted structure increased by 

adopting a material of higher tensile strength. Davidson et al. [5] conducted explosive tests 

on 12 polymeric reinforced masonry walls. The experimental results explained the blast 

resistance effectiveness of polymeric reinforced walls. Hrynyk et al. [6] studied the out-of-

plane behavior of URM arching walls with modern blast retrofits. Use of a spray-on 

polyurea material was found to be highly effective reducing masonry fragmentation. The 

analytical model was empirically calibrated using test data from this work as well as 

previous studies. The model predictions agreed well with the experimental results. Lunn et 

al. [7] studied the effectiveness of different externally bonded GFRP systems for increasing 

the out-of-plane resistance of infill masonry walls to loading. They conducted a 

comprehensive experimental program comprising 14 full-scale specimens and concluded 

that GFRP strengthening of infill masonry walls is effective in increasing the out-of-plane 

load-carrying capacity when proper anchorage of the FRP laminate is provided. Rabinovitch 

et al. [8] studied the dynamic behavior of unidirectional FRP strengthened masonry walls 

and demonstrated the FRP bonding as an effective method for the dynamic upgrade of 

masonry walls. Chen et al. [9] conducted experiments to compare the masonry walls 

retrofitted with CFRP strips, steel wire mesh and laminated steel bars, subjected to blast 

loads. The results demonstrated that the URM retrofitted with steel wire mesh performed the 

best among the three retrofitting measures in blast load resistance, however, the walls 

retrofitted with closely spaced CFRP strips performed slightly better than the steel mesh. 

Mendola et al. [10] studied the out of plane behavior of unreinforced and CFRP reinforced 

masonry walls by means of experimental investigation and numerical modeling and stated 

that the failure mechanism does not depend on the percentage of reinforcement.  

Existing literature on blast performance of externally strengthened FRP masonry structures 

is limited. This may be because of high cost, technical challenges, safety concerns, and 

sensitive nature of live explosive testing. Numerical modelling provides an excellent 

alternative for the simulation of the response of FRP strengthened masonry structures 

subjected to blast loading. Aghdamy et al. [11] studied the effectiveness of using spray-on 

nano-particle reinforced polymer and aluminum foam as new types of retrofit material for 

concrete masonry walls subjected to blast over a whole range of dynamic and impulsive 

regimes. They modeled the wall in LS DYNA and validated the numerical model with the 

available test data. Moreland et al. [12] used LS-DYNA to model the responses of a 

strengthened clay brick masonry wall with various FRP to investigate the efficiency of FRP 

strengthening to resist blast loads. Hao [13] used the AUTODYN to study the damage of a 

masonry wall to blast loads at different scaled distance and found that masonry wall is 
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completely blown off when the scaled distance is less than 4 m/kg1/3. Jacques [14] have 

developed the analytical approach to predict member response of FRP strengthened concrete 

wall subjected to blast loading. Sekar et al. [15] conducted analytical study on brick masonry 

room strengthened with RCC band using ANSYS. The authors [15] observed that by 

providing RCC vertical bands at door jambs, the resistance of brick masonry against 

accidental explosive loading can be improved considerably to avoid progressive collapse of 

the entire structure. Kadid et al. [16] conducted the non-linear dynamic analysis of 

reinforced concrete slab subjected to blast loading and reported the stand-off distance and 

the equivalent weight in trinitrotoluene (TNT) of the explosive as critical parameters for blast 

resistance study.  

However, most of these past studies indicate that there are limited studies on analytical 

modeling of URM walls strengthened with FRP subjected to equivalent static blast loading. 

In this paper, a detailed parametric study has been conducted using ABAQUS to examine 

the effect of various parameters such as FRP thickness, FRP laminate, etc. on the blast 

response of FRP strengthened masonry walls. The numerical results obtained by ABAQUS 

are compared with experimental and analytical results presented by Myers [2] to verify 

numerical results. Different parameters such as FRP thickness (WT), FRP width (WB), and 

types of FRP practical laminates (quasi-isotropic, i.e., [(+45/−45/0/90)2s], angle-ply [i.e., 

(45/−45)4s], and cross-ply [i.e., (0/90)4s] are considered for the present study. Moreover, 

the effect of wall aspect ratio (L/B) and slenderness ratio (L/d) are also included. 

 

 

2. NUMERICAL MODELING 
 

Macro modeling of masonry wall is done using ABAQUS. Macro model refers to an 

anisotropic continuum model that considers composite masonry elements like a homogeneous 

material. Units and joints are not represented anymore and the geometry of masonry 

constituents (units and joints) is lost. The concrete-damaged plasticity of ABAQUS is used to 

define the non-linear compression and tension cracking of the masonry wall. FRP is modeled 

as a unidirectional lamina that is bonded to the wall with epoxy. The epoxy interface is 

modeled as a cohesive layer using traction separation properties. More details about the 

cohesive layer are discussed in the following sections. 

 

2.1 Geometric modeling 

The masonry walls taken for this numerical study is 2.24 m (88.19 in.) high, 1.22 m (48.03 

in.) wide and 0.10 m (3.94 in.) thick and is strengthened with three vertical GFRP strips 63.5 

mm (2.5 in.) wide at a clear spacing of 241.30 mm (9.5 in.). The schematic diagram of 

masonry wall is shown in Fig. 1. The wall is a unidirectional strengthened wall fixed from 

the top support, simply supported from the bottom and freely on the edges. The masonry is 

modelled using 3D solid 8 noded linear continuum elements (C3D8); GFRP strips as 

modelled as shell elements S8; while epoxy is modelled as a layer of cohesive elements 

(COH3D8) considering response in terms of traction separation between the wall and the 

FRP. Global mesh size of 30 mm (1.18 in.) is taken. 
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2.2 Material properties 

To study the dynamic effect of blast, the masonry wall is subjected to equivalent static blast 

loading. Dynamic material properties are used to define the materials used in the study. 

Dynamic Increase Factor (DIF) and Strength Increase Factor (SIF) as given in the ASCE 

[17] document are used to find the dynamic properties. The properties of masonry wall and 

GFRP strips used in the numerical modeling are presented in Table 1. For masonry, under 

uniaxial compression, the response remains linear until the initial value of yield stress is 

reached. In the plastic regime, the response is typically characterized by stress hardening 

followed by strain softening. The final yield stress versus inelastic strain values used for 

modeling masonry are presented in Table 2. Under uniaxial tension, the stress-strain 

response follows a linear elastic relationship until failure stress is achieved. Beyond this 

stress, the formation of micro-cracks is represented macroscopically with a softening stress-

strain response, which induces strain localization in the concrete structure. The modulus of 

rupture is computed to be 1.82 MPa (0.26 ksi). 

 

 
Figure 1. Schematic diagram of strengthened masonry wall with GFRP strips 

 

2.2.1 Other parameters 

The flow potential, yield surface, and viscosity parameters for the concrete-damaged plasticity 

model are defined through concrete damage plasticity input. Herein, the parameters in Table 3 

are used for all numerical models. The flow potential eccentricity value ε = 0.1, meaning that 

the material has almost the same dilatation angle over a wide range of configuring pressure 

values. The ratio fbo/fco is set to the default value of 1.16, while the value of Kc is taken as 
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1.0, so that the yield surface has a perfect cone shape in three-dimensional spaces. The 

viscosity parameter, μ, is used for the viscoplastic regularization of the concrete constitutive 

equations. The default value of 0.0 is taken assuming a rate independent analysis.  

 
Table 1: Material properties of masonry and GFRP strips used for numerical modeling 

Material Parameter Properties 

(Strength 

Increase 

factor) 

SIF 

(Dynamic 

Increase 

Factor) 

DIF 

Dynamic 

Properties = 

SIF DIF 

Properties 

Concrete 

Masonry 

Compressive Strength 

(MPa) 

Tensile strength (MPa) 

Young’s modulus (GPa) 

10.34 

 

1.82 

11 

1.00 

1.00 

1.00 

1.19 

1.00 

1.00 

12.30 

1.82 

11 

GFRP 

strips 

Ultimate tensile strength 

(MPa) 

Young’s modulus (GPa) 

1654 

 

83 

1.10 

 

1.00 

1.05 

 

1.00 

1911 

 

83 

Note: 1 MPa = 0.145 ksi and 1 GPa = 145.04 ksi 

 
Table 2: Concrete yield stress and corresponding inelastic strain values 

Yield Stress, MPa (ksi) Inelastic strain 

3.69 (0.54) 0 

12.30 (1.78) 0.00188 

10.45 (1.52) 0.00315 

 
Table 3: Material parameters of concrete damaged plasticity model for masonry for modeling with 

ABAQUS 

Dilation Angle (degree) Eccentricity, ε fb0/fc0 Kc Viscosity parameter, µ 

36° 0.1 1.16 1 0 

 

2.2.2 Cohesive behavior 

Cohesive behavior is enforced only for portions of surfaces that are in contact at the start of the 

analysis. The concrete-epoxy and GFRP-epoxy interface behavior is initially linear elastic 

followed by damage initiation and evolution based on energy dissipated due to failure. The 

linear elastic behavior prior to initiation of damage is often described in terms of a penalty 

stiffness that degrades under tensile and shear loading but is unaffected by pure compression. 

Delamination at concrete and epoxy interface is defined in terms of traction and separation. 

The current traction-separation model assumes three components of separation: one normal to 

the interface and two parallel to it; and the corresponding stress components are assumed to be 

active at a material point. Uncoupled cohesive behavior is considered by defining stiffness 

components in normal, shear, and tangential directions. The off-diagonal terms in the elasticity 

matrix are set to zero as the normal, shear, and tangential components are uncoupled. 
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2.3. Validation of numerical modeling (ABAQUS) 

The study comprises of verifying the ABAQUS results of the strengthened wall subjected to 

blast loading, with the results presented by Myers [2]. The brittle cracking constitutive model 

in ABAQUS is used to model the URM wall. Simulation results of the URM wall, the failure 

of which is governed by the masonry cracking, are compared to the results of Myers [2]. The 

failure load of URM wall is 235.62 N/m as observed by Myers [2] while it is found to be 

230.80 N/m using numerical modelling (ABAQUS). The validated model is in close proximity 

to the results of Myers [2] with a deviation of 2.08%. Similarly, the numerical model 

(ABAQUS) results of the strengthened wall are validated with the corresponding results of 

Myers [2]. The ABAQUS results show a deviation of 5.18% in the strength of the wall with 

the results of the literature [2] as shown in Table 4. The deflection of the wall is calculated 

using two approximate methods, the Bischoff model [18] and the Branson model as extended 

by Rasheed et al. [19] for FRP strengthened beams to find the effective moment of inertia and 

the corresponding deflections in the wall. The ABAQUS model is compared with these two 

models and it is found out that the Bischoff model results are close in proximity to the 

ABAQUS results as shown in Fig. 2.  

Equivalent static blast load is calculated for different values of the charge weight and the 

standoff distance [2] as stated by Newmark [3] and the corresponding support rotations are 

determined for a particular value of the blast load from Fig. 3 developed by simulation using 

ABAQUS. Total blast load at any instant in ABAQUS was calculated by summing up the 

total reaction at the fixed end of the wall and at the simply supported end. The support 

rotations were determined by tangent inverse of the center displacement at the corresponding 

blast load divided by half the height of the wall. Threat level as per ASCE [17] document is 

defined for these support rotations. Results are compared with those of Myers [2] as shown 

in Table 5 and formed to be in close proximity to those of Myers. Therefore, this model is 

considered as the validated one, and the same dynamic properties of wall, FRP and epoxy 

are used for parametric study. 

 
Table 4: Numerical validation of strengthened wall under flexure 

Results Analytical [Myers] ABAQUS Mode of failure 

Failure Load, kN (kips) 98.71 (22.19) 103.82 (23.34) 
masonry 

crushing 
Center Displacement at 

Failure, mm (in.) 

25.48 (1.00) 

(Branson) 

22.48 (0.88) 

(Bischoff) 
21.56 (0.85) 

 
Table 5: Numerical validation of response of strengthened wall subjected to blast loading 

Blast Loading ABAQUS Myers (2004) 

Standoff 

distance, m (in.) 

Charge weight, 

kg (lbs) 

Blast Load, 

kN (kips) 

Rotation 

(degree) 
Threat level Threat level 

3.66 (0.14) 0.45 (0.99) 14.00 (3.15) 0.02 low low 

3.66 (0.14) 0.91 (2.00) 33.00 (7.42) 0.04 low medium 

1.83 (0.07) 0.91 (2.00) 130.00 (29.23) >1 high high 
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2.4. Parametric study 

The study employed ABAQUS software for assessing the effects of various parameters: FRP 

thickness (WT), FRP width (WB), L/d ratio, and L/B ratio of the strengthened wall on load 

versus deflection response. Along with the above mentioned parameters, the study analyzed 

the outcomes of the three most realistic laminates viz. quasi-isotropic (+45/−45/0/90)2s, angle-

ply (45/−45)4s, and cross-ply (0/90)4s, to assess the response of GFRP laminate strengthened 

wall. Table 6 elucidates the detailed nomenclature of the walls assessed with application of 

ABAQUS software as a part of parametric analysis. The nomenclature in the Table 6 

represents the ID’s of various wall specimens: WT_1.22, WT_2.50, WT_4, and WT_10, 

where suffix represents the thickness in mm of GFRP strips used for flexural strengthening 

wall. The width of the GFRP strips used is kept constant to 63.50 mm, whereas for the other 

specimens with ID’s WB_63.50, WB_127, WB_190.50, the suffix represents the width of wall 

in mm. For theses specimen the thickness of strips is kept constant to 1.20 mm. The specimen 

ID WB_Full Wrap represent that wall strengthened with full wrapping with GFRP strips of 

thickness 1.22 mm. Wall ID’s W L/d_11, W L/d_15, W L/d_22, are representative of the walls 

with varying L/d ratio as 11, 15, and 22, with GFRP thickness and width as 1.22 mm and 

63.50 mm, respectively. The walls with varying aspect ratio i.e., L/B ratio values of 2.24, 1.83, 

1.50, and 1.12 are represented as W L/B_2.24, W L/B_1.83, W L/B_1.50 and WL/B_1.12, 

respectively with GFRP thickness of 1.22 mm and width of 63.50 mm for each strip. Finally, 

WL_ [0/90]4s, WL_ [45/-45]4s and WL_ [45/−45/0/90]2s are representative of the cross ply, 

angle ply and quasi isotropic laminates strengthened walls, respectively. 

 

 
Figure 2. Numerical validation of strengthened wall under flexure 
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Figure 3. Response of strengthened wall subjected to equivalent static blast loading 

 

 

3. RESULTS AND DISCUSSION 
 

As presented in Table 6 and shown in Fig. 4, the thickness of the GFRP strips has not much 

effect on the strength of the strengthened wall. Wall WT_10.00 has almost the same strength 

as wall WT_1.22. Wall WT_5.00 shows an increase of 2.2% in the strength in comparison to 

the wall WT-1.22. Similarly, the effect of the width of the GFRP strips has no significant 

effect on the strength of the strengthened wall. As can be seen from Table 6 and Fig. 5, wall 

WB_Full Wrap has 5.9% more strength than the wall WB_63.5. It is observed (although not 

shown in figures) that different FRP such as carbon fiber reinforced polymer (CFRP) and 

aramid fiber reinforced polymer (AFRP) also show similar results as GFRP strips, i.e., there is 

not much increase in the strength of the wall using higher strengths FRP when subjected to out 

of plane loading. Further, when the different laminate configurations are used for the 

strengthening, a considerable increase in the strength of the wall is observed. Three most 

practical laminate configurations when used, i.e., cross-ply (0/90)4s, quasi-isotropic 

(+45/−45/0/90)2s and angle-ply (45/−45)4s, laminates resulted in an increase of strength by 

28.15%, 23.37% and 13.18% respectively in comparison to that obtained with unidirectional 

GFRP strip having same thickness of 10 mm (0.39 in.). It is also observed that strength of the 

wall is not much affected by increasing the number of layers in the laminate. All the three 

laminates, showed almost same results for 8 layers and 16 layers. Fig. 6 shows the effect of 

different laminate configurations on the response of the wall. By changing the depth of the 

wall (d) and keeping the height (L) constant, i.e., changing L/d ratio of the wall to 11, 15 and 

22, the strengths are found to be 487.59 kN (109.61 kips), 264.12 kN (59.38 kips) and 103.82 

kN (23.34 kips), respectively as shown in Table 6 and Fig. 7. This clearly demonstrates that 

the strength of the wall is increased by decreasing its L/d ratio whereas deflection capacity is 

decreased. Moreover, the enhancement in the strength of the wall is observed by increasing the 

width of the wall while keeping the wall height constant. For L/B ratios 1.12 and 1.50, 

strength is increased by 64.43% and 23.47 %, respectively with respect to L/B ratio of 1.83 as 

shown in Table 6 and Fig. 8. 
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Figure 4. Effect of thickness of GFRP strips on the flexure response of strengthened wall 

 
Figure 5. Effect of width of GFRP strips on the flexure response of strengthened wall 

 
Table 6: Load carrying capacity of strengthened masonry wall using ABAQUS 

Wall Id Details of the Strengthening Pattern Peak Load, kN (kips) 

WT_1.22 
Wall strengthened in flexure with 1.22 mm 

(0.05 in.) thickness of GFRP strips 
103.82 (23.34) 

WT_2.50 
Wall strengthened in flexure with 2.50 mm 

(0.10 in.) thickness of GFRP strips 
104.83 (23.57) 

WT_5.00 
Wall strengthened in flexure with 5.00 mm 

(0.20 in.) thickness of GFRP strips 
106.10 (23.85) 

WT_10.00 
Wall strengthened in flexure with 10.00 mm 

(0.39 in.) thickness of GFRP strips 
103.52 (23.27) 
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WB_63.50 
Wall strengthened in flexure with 63.50 mm 

(2.50 in.) width of GFRP strips 
103.82 (23.34) 

WB_127.00 
Wall strengthened in flexure with 127.00 

mm (5.00 in.) width of GFRP strips 
105.07 (23.62) 

WB_190.50 
Wall strengthened in flexure with 190.50 

mm (7.50 in.) width of GFRP strips 
106.07 (23.84) 

WB_Full Wrap 
Wall strengthened in flexure with full wrap 

of GFRP strips 
109.90 (24.71) 

W L/d_11 
Wall with L/d ratio of 11 strengthened in 

flexure with GFRP strips 
487.59 (109.61) 

W L/d_15 
Wall with L/d ratio of 15 strengthened in 

flexure with GFRP strips 
264.12 (59.38) 

W L/d_22 
Wall with L/d ratio of 22 strengthened in 

flexure with GFRP strips 
103.82 (23.34) 

W L/B_2.24 
Wall with L/B ratio of 2.24 strengthened in 

flexure with GFRP strips 
85.07 (19.12) 

W L/B_1.83 
Wall with L/B ratio of 1.83 strengthened in 

flexure with GFRP strips 
103.82 (23.34) 

W L/B_1.50 
Wall with L/B ratio of 1.50 strengthened in 

flexure with GFRP strips 
128.19 (28.82) 

W L/B_1.12 
Wall with L/B ratio of 1.12 strengthened in 

flexure with GFRP strips 
170.71 (38.38) 

*WL_[0/90]4s 
Wall strengthened in flexure with GFRP 

cross-ply laminate 
132.67 (29.82) 

*WL_[45/-45]4s 
Wall strengthened in flexure with GFRP 

angle-ply laminate 
117.17 (26.34) 

*WL_[45/−45/0/90]2s 
Wall strengthened in flexure with GFRP 

quasi-isotropic laminate 
127.71 (28.71) 

* Walls with practical laminates 

 

 
Figure 6. Effect of different laminates on the flexure response of strengthened wall 
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Figure 7. Effect of L/d ratio of the wall on the flexure response of strengthened wall 

 

 
Figure 8. Effect of L/B ratio of the wall on the flexure response of strengthened wall 

 

 

4. CONCLUSIONS  
 

The study presents an investigation using numerical analysis of masonry wall strengthened in 

flexure and subjected to equivalent static out of plane blast loading. The numerical models are 

validated with the results available in literature. A detailed parametric study is presented to 

examine the effect of various parameters through numerical modeling using ABAQUS. The 

following concluding remarks are made regarding the strengthening of masonry wall with FRP 

and subjected to equivalent static out-of-plane blast loading. 

 Equivalent static loading can be used to study the response of a masonry wall subjected to 
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blast loading. It provides the same results as obtained from the experimental study in terms 

of threat level predicted from the support rotation of the wall. 

 Varying GFRP thickness beyond a certain value does not influence the enhancement of the 

strength. Increasing the thickness from 1.22 mm (0.05 in.) to 5 mm (0.20 in.) increase the 

strength by 2.2 %, whereas strength of the wall with GFRP 1.22 mm (0.05 in.) and 10 mm 

(0.39 in.) is almost the same. 

 Effect of GFRP width on the strength of the wall is not appreciable, as indicated by the full 

wrap of GFRP which increases the strength by 5.9 % only.  

 Use of laminates significantly increases the strength of the wall as compared to the 

unidirectional FRP of same thickness. Cross ply laminate, (0/90)4s provides the highest 

strength while angle-ply, (45/−45)4s laminate gives the least strength.  

 Wall strength is observed to be increased with the decrease in the aspect ratio (L/B). For a 

given thickness of wall, L/B =1.12 has the highest load capacity without significant loss of 

deflection capacity. 

 Decrease in the slenderness ratio, i.e., L/d of wall increases the strength of the wall. 
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