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Abstract. Composite laminates are increasingly used for blast-resistant applications in structures owing to the

rise of such fanatic activities. For the safe and economical design of blast-resistant structures, it is necessary to

study the influence of various laminate characteristics on their dynamic behavior. Here, the influence of design

parameters of fiber-reinforced polymer (FRP) laminates in mitigating the dynamic response of a concrete wall

when subjected to surface blast loads has been studied. Furthermore, a generalized analytical approach

employing classical laminate theory has been presented to analyze the dynamic behavior of a concrete wall

applied with the FRP laminate(s) under various explosion-induced load scenarios. It is found that the stacking

sequence of the laminae and the number of layers in the laminate decrease the response by about 5% and 15%

among the considered configuration, respectively. Moreover, using the FRP laminates reduce the dynamic

response of the concrete wall by 18%. Through a detailed parametric study, it has also been observed that the

center node displacement of the wall decreases with an increase in standoff distance, an increase in the thickness

of the concrete wall, and a decrease in charge weight.

Keywords. Analytical solution; dynamic response; blast; classical laminate theory; hamilton’s principle;

fiber-reinforced polymer (FRP).

1. Introduction

In recent times, there has been a significant increase in

terrorist and unintentional explosions, such as the 2008

Mumbai attacks, the Beirut explosion in 2020, and many

more. During these blast events, many injuries and casu-

alties were caused by the fragmentation and collapse of

structures. Thus, blast-resistant structures have become

increasingly important in a wider context, apart from the

military setups, like the transportation and oil refinery

industries. These buildings can resist the force of an

explosion and protect the people, property, and infrastruc-

ture inside them. The construction of blast-resistant struc-

tures requires a variety of hardening strategies, design

principles, and building methods. Some of the most com-

mon design principles are increasing the explosion’s

standoff distance, e.g., perimeter protection, decreasing the

combustible material within and around the structure, and

using materials with high strength and ductility. However,

it is vital to comprehend blast loads and structural response

under such high strain rate loading to design blast-resistant

structures.

Composite structures are increasingly used for enhancing

blast resistance due to their high strength-to-weight ratio

and excellent energy-absorbing properties. Composite

fiberglass, carbon fiber, or aramid panels are renowned for

their high strength-to-weight ratio. The overall strength and

explosion resistance can be substantially enhanced by

strengthening the existing concrete walls with composite

panels. The composite panels are significantly lighter than

the concrete walls. This enhances the strength of the

structure and thus is an effective method to improve the

blast resistance performance of new structures as well as of

those not initially built for resisting blast loads, i.e., retrofit.

Early research on blast loading was carried out experi-

mentally, mainly using Trinitrotoluene (TNT) explosives at

particular standoff distances. Conducting several such field

tests is a costly and time-consuming affair. Due to this, only
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a limited number of explosions could be conducted to

obtain the results and study the results. The effectiveness of

an externally reinforced concrete slab with fiber-reinforced

polymer (FRP) was studied in [1] using an experimental

setup, and it was found that the maximum displacement

decreased by 25% with the external reinforcement. Series

of explosive tests were conducted on a concrete wall

strengthened with carbon FRP (CFRP), glass FRP (GFRP),

and both using TNT, as reported in [2] and [3]. It was

observed that the FRP laminate helped reduce not only the

maximum displacement but also the spalling in the wall and

fragmentation (splinters formation). Further, conclusions

were challenging to draw from these studies due to the

availability of a limited number of results.

Finite element analysis (FEA) later emerged as a valu-

able tool for analyzing various loading conditions and

configurations. Yet, the computational cost and time

required for FEA limit its applicability to analyze numerous

configurations. Jain et al [4] conducted a study on the

dynamic response of reinforced concrete walls under blast

loading by using high-fidelity finite element analysis

(FEA), describing the damage and deformations of the

concrete wall and emphasizing the importance of under-

standing the dynamic response of concrete structures to

enhance their resilience against blast-induced hazards. Such

detailed FEA requires significantly high computational

resources and time requirements, and for iterative design

processes it poses practical limitations. Maazoun et al [5]
analyzed reinforced concrete (RC) slabs retrofitted with

carbon fiber-reinforced polymer (CFRP) strips under blast

loading using finite element analysis. This study also

reported the effect of the width and thickness of CFRP

strips on the mitigation of the response. However, for

arriving at preliminary design instead of the detailed non-

linear FEA simplified method is essential prior to under-

taking modelling and analysis of the structures subjected to

blast loading.

In 1984, Kingery and Bulmash also provided various

semi-empirical relations [6], which helped overcome the

limitation of results as researchers started using analytical

methods to generalize the response, reducing reliance on

conducting field tests. A review of several empirical rela-

tions to calculate blast wave parameters was provided in

[7]. An analytical expression to determine the response of

thick anti-symmetrically laminated angle-ply, simply sup-

ported plates to conventional blast loading was developed

and reported in [8].

Based on the literature review, it is evident that finite

element analysis (FEA) has proven to be a powerful tool to

analyze a higher number of loading conditions and con-

figurations than the experimental method, especially when

conducting the experiments is a costly affair in case of

structures exposed to blast loading and repeatability of the

outcomes remains a concern. However, the inherent limi-

tations of computationally rigorous FEA in analyzing all

possible configurations underscore the need for a

preliminary analytical method to assess the influence of

various parameters on the structural response without

employing extensive computational resources. The process

of simplified analysis allows us to identify configurations

with most desirable performance, which can then undergo

further analysis using high-fidelity FEA to predict the

behavior under blast-induced load and potential damage.

Subsequently, the most suitable configuration can be

determined based on these high-end analyses. To address

this research gap, an analytical approach has been presented

in this study by using the classical laminate theory and

Hamilton’s principle in conjunction to conduct a prelimi-

nary analysis of FRP laminate on a concrete wall and

determine the dynamic response of the system under sur-

face blast loads.

Previous studies further suggest that despite advance-

ments in blast-resistant design and research, there has been

limited exploration of the influence of design parameters of

the FRP laminates, such as the laminate material, the

number of lamina layers in the laminate, and the stacking

sequence. In view of these challenges, various parametric

sensitivity studies have been conducted in the present study

to address this research gap and aid engineers in making

preliminary design decisions regarding the configuration of

the FRP laminates.

The main objectives of the present study are: (a) to

present an analytical method that provides the dynamic

response of an FRP laminate on a concrete wall subjected

to surface blasts by considering the influence of several

parameters, such as the type of explosive, the weight of the

explosive, dimensions of the wall, and laminate configu-

rations to assist engineers in making preliminary design

decisions without using computationally costly methods

such as nonlinear/ higher order finite element analysis;

(b) to assess and compare the dynamic response of FRP

laminated concrete walls subjected to surface blasts due to

changes in the thickness of the concrete wall, stacking

sequence, number of lamina layers in the laminate, and the

FRP material.

2. Blast load calculations

An explosion causes sudden release of tremendous energy,

which travels outward from the source of the explosion in

the form of a wave. This blast wave causes an abrupt

increase in air pressure followed by a rapid decrease of it,

causing a shock wave that exerts tremendous dynamic force

on the structure with which the blast wave interacts. This

blast wave is dependent on the type of explosive, point (air,

surface, etc.), and radial distance (R) from the source of the

explosion [9]. The blast waveform is described through

modified Friedlander’s equation (Eq. 1). Kingery-Bulmash

plots are used to determine incident overpressure (Pso),

incident impulse (is), arrival time (ta), and positive dura-

tion (to) [10]. The incident overpressure is higher in the
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case of surface blasts due to reflection from the ground.

Thus, peak reflected overpressure (Pr) is used instead of

incident overpressure in the modified Friedlander’s equa-

tion. The reflected overpressure is obtained using Eq. (2).

Subsequently, Eqs. (3) and (4) have been used to calculate

the scaled distance and equivalent weight of explosives

(We).

Ps tð Þ ¼ Pso 1� t

to

� �
e�b t

to ; ð1Þ

Pr ¼ 2Pso
4Pso þ 7Po

Pso þ 7Po
; ð2Þ

Z ¼ Rffiffiffiffiffiffi
We

3
p ; ð3Þ

We ¼ Wexp

Hd
exp

Hd
TNT

; ð4Þ

Several relationships are available in the literature to

determine the decay parameter (b) of a blast wave based on

the scaled distance (Z). The variation in the decay param-

eter with standoff distance described by various researchers

is expressed in [11]. In this study, blast wave parameters for

the modified Friedlander’s are obtained using the most

extensively used report by Kingery and Bulmash and

US military guidelines such as the Unified Facilities

Criteria (UFC). Thus, to maintain uniformity in the

blast wave parameters, the decay parameter obtained by

Kingery and Bulmash, as described in [11], is used in

this study.

For calculating the decay parameter b, the blast impulse

is used iteratively, and the obtained values are fitted for

various scaled distances and are expressed through the

polynomial relationships in Eqs. (5a) and (5b) as given in

[11].

Y ¼ C0 þ C1U þ C2U
2 þ � � � þ CnU

n; ð5aÞ

U ¼ K0 þ K1T ; ð5bÞ

where, Y is the common logarithm of the decay coefficient,

and T is the common logarithm of the scaled distance. The

constants {K0, K1, C0, C1 … Cn} are defined through the

least-squares fitting of the calculated decay coefficient

values and have been provided for surface blasts for close-

field (0.4\ Z\ 2.5 m/kg1/3) as well as far-field blasts

(2.5\ Z\ 40 m/kg1/3) in [11].

3. Analytical formulations

An analytical model to determine the linear dynamic

response of a simply-supported FRP laminated wall is

presented here to reduce the computational cost involved in

finite element simulations. The analytical modelling has

been conducted and the resulting equations are solved using

in-house MATLAB R2022b [12] code developed. The

classical laminate theory is used for analyzing a FRP

laminated concrete wall. As per the classical laminate

theory, the displacement fields in terms of midplane dis-

placements are given using Eqs. (6a)-(6c).

u x; y; z; tð Þ ¼ u0 x; y; tð Þ � zw0;x x; y; tð Þ; ð6aÞ

v x; y; z; tð Þ ¼ v0 x; y; tð Þ � zw0;y x; y; tð Þ; ð6bÞ

w x; y; z; tð Þ ¼ w0 x; y; tð Þ; ð6cÞ

where, ow0=oi is written as w0;i.

The strain displacement relations are obtained in matrix

form as given in Eqs. (7a), (7b),

exx
eyy
cxy

8<
:

9=
; ¼

u0;x
v0;y

u0;y þ v0;x

8<
:

9=
;þ z

�w0;xx

�w0;yy

�2w0;xy

8<
:

9=
;; ð7aÞ

exx
eyy
cxy

8<
:

9=
; ¼

e0xx
e0yy
c0xy

8<
:

9=
;þ z

jxx
jyy
jxy

8<
:

9=
;: ð7bÞ

The constitutive relations for an orthotropic material

transformed to x-y coordinate system in terms of trans-

formed reduced stiffness are given in Eq. (8),

rxx
ryy
sxy

8<
:

9=
;

k

¼
Q11 Q12 Q16

Q12 Q22 Q26

Q16 Q26 Q66

2
4

3
5
k

exx
eyy
cxy

8<
:

9=
;

k

: ð8Þ

Hamilton’s principle is used to obtain the equilibrium

relations of the laminated wall as per Eq. (9), where strain

energy (U), kinetic energy (T), and work energy (E) are

considered. The equilibrium relations in the form of

resultant stresses (Nxx, Nxy, and Nyy) and moments (Mxx,

Mxy, and Myy) are derived from Hamilton’s principle, as

shown in Eqs. (10a–10c).

d r
t1

t0

U � T � Eð Þdt ¼ 0; ð9Þ

Nxx;x þ Nxy;x ¼ ðqFRPhFRP þ qchcÞ€u0; ð10aÞ

Nyy;y þ Nxy;y ¼ ðqFRPhFRP þ qchcÞ€v0; ð10bÞ

�Mxx;xx � 2Mxy;xy �Myy;yy � ðqFRPhFRP þ qchcÞ €w0

¼ Pr 1� t � ta
to

� �
e�b 1�t�ta

toð Þ; ð10cÞ

where, €u0, €v0, and €w0 are d2u0
dt2 ,

d2v0
dt2 , and

d2w0

dt2 , respectively.

The stiffness of concrete has been considered by break-

ing it into two isotropic layers and including these concrete

layers in the laminate configuration. Subsequently, the
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resultant stresses and moments are obtained in terms of

extensional stiffnesses (Aij), bending-extension coupling

stiffnesses (Bij), and bending stiffnesses (Dij), as shown in

Eqs. (11a), (11b). The stiffnesses are calculated using

Eqs. (12a)-(12c).

Nxx

Nyy

Nxy

8<
:

9=
; ¼

A11 A12 A16

A12 A22 A26

A16 A26 A66

2
4

3
5 e0xx

e0yy
c0xy

8<
:

9=
;

þ
B11 B12 B16

B12 B22 B26

B16 B26 B66

2
4

3
5 jxx

jyy
jxy

8<
:

9=
;; ð11aÞ

Mxx

Myy

Mxy

8<
:

9=
; ¼

B11 B12 B16

B12 B22 B26

B16 B26 B66

2
4

3
5 e0xx

e0yy
c0xy

8<
:

9=
;

þ
D11 D12 D16

D12 D22 D26

D16 D26 D66

2
4

3
5 jxx

jyy
jxy

8<
:

9=
;; ð11bÞ

Aij ¼
X2
k¼1

Qc
ij

� �
k
zk � zk�1ð Þ þ

XNþ2

k¼3

Qij

� �
k
zk � zk�1ð Þ; ð12aÞ

Bij ¼
1

2

X2
k¼1

Qc
ij

� �
k
z2k � z2k�1

� �
þ 1

2

XNþ2

k¼3

Qij

� �
k
z2k � z2k�1

� �
;

ð12bÞ

Dij ¼
1

3

X2
k¼1

Qc
ij

� �
k
z3k � z3k�1

� �
þ 1

3

XNþ2

k¼3

Qij

� �
k
z3k � z3k�1

� �
;

ð12cÞ

where, N is the number of layers in the FRP composite,

k implies the kth layer of the laminate configuration, and zk
and zk-1 are defined as shown in figure 1.

The equilibrium relations in terms of displacements are

obtained by combining the constitutive relations with

Eqs. (10a)-(10c) and (11a), (11b). The equilibrium relations

in terms of displacement are expressed in Eqs. (13a)-(13c),

A11u0;xxþ2A16u0;xy þ A66u0;yy þ A16v0;xx

þ A12 þ A66ð Þv0;xy þ A26v0;yy

� B11w0;xxx þ 3B16w0;xxy

�
þ B12 þ 2B66ð Þw0;xyy þ B26w0;yyy

�
¼ ðqFRPhFRP þ qchcÞ€u0;

ð13aÞ

A16u0;xxþ A12 þ A66ð Þu0;xy þ A26u0;yy þ A66v0;xx

þ 2A26v0;xy þ A22v0;yy

� B16w0;xxx þ B12 þ 2B66ð Þw0;xxy

�
þ3B26w0;xyy þ B22w0;yyy

�
¼ ðqFRPhFRP þ qchcÞ€v0;

ð13bÞ

� B11u0;xxx þ 2B16u0;xxy þ B12 þ B66ð Þu0;xyy
�

þ B26u0;yyy þ B16v0;xxx þ ðB12 þ B66Þv0;xxy þ 2B26v0;xyy

þB22v0;yyy D11w0;xxxx þ 3D16w0;xxxy þ 2 D12 þ D66ð Þw0;xxyy

�
þ3D26w0;xyyy þ D22w0;yyyy

��
� qFRPhFRP þ qchcð Þ €w0

¼ Pr 1� t � ta
to

� �
e�b 1�t�ta

toð Þ:

ð13cÞ

The displacements are assumed to vary as in Eqs. (14a)-

(14c), with respect to time across the simply supported

wall, considering the center of the wall as the origin,

u0 ¼
X
m;n

Umn tð Þ cos amx sin bny; ð14aÞ

v0 ¼
X
m;n

Vmn tð Þ sin amx cos bny; ð14bÞ

w0 ¼
X
m;n

Wmn tð Þ cos amx cos bny; ð14cÞ

where, Umn(t), Vmn(t), and Wmn(t) are the response of the

wall in x, y, and z directions, respectively, at time t after
detonation of the explosive. The constants am and bn are

expressed as in Equations (15a), (15b),

Figure 1. The geometry of concrete wall with N-layered FRP laminate on back-face.
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am ¼ mp
a

: ð15aÞ

bn ¼
np
b
: ð15bÞ

where, a is the width of the wall in meters, b is the height of
the wall in meters, and m and n are the number of half sine

waves in x and y-directions, respectively.
The equilibrium relation for the first mode in terms of

center node displacement (W11) is simplified to Eq. (16),

qFRPhFRP þ qchcð Þ €W11 tð Þ
þ a41D11 þ 2a21b

2
1 D12 þ D66ð Þ þ b41D22

� �
W11 tð Þ

¼ �Pr 1� t � ta
to

� �
e�b 1�t�ta

toð Þ:
ð16Þ

Viscous damping has been introduced in Eq. (16) by

assuming the damping ratio (n) as 0.5%. Thus, Eq. (17) can be

obtained, which represents the dynamic equilibrium equation

for the center node of the wall. Equation (17) has been solved

using the central difference method and the direct integration

method to determine the response of the FRP laminated wall.

Table 1. Properties of concrete wall.

Density (kg/m3) Modulus of elasticity (MPa) Poisson’s ratio

2400 23900 0.2

Table 2. Elastic properties of FRP.

Properties CFRP GFRP

AFRP/

KFRP

Density (kg/m3) 1560 1850 1400

Longitudinal elastic modulus, E1

(GPa)

130 46 75

Transverse elastic modulus, E2

(GPa)

8 8.7 6

In-plane shear modulus,

G12 (GPa)

4.5 3.2 2

Out-of-plane shear modulus, G23

(GPa)

3.6 3.2 1

Poisson’s ratio, t12 0.28 0.28 0.34

Figure 2. Time-history response of the wall for blast at standoff distance a 5 m, b 7.5 m, c 10 m and d 15 m.
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M €W11 þ C _W11 þ KW11 ¼ �Pr 1� t � ta
to

� �
e�b 1�t�ta

toð Þ;

ð17Þ

where, M ¼ ðqFRPhFRP þ qchcÞ,
K ¼ a41D11 þ 2a21b

2
1 D12 þ D66ð Þ þ b41D22

� �
, and

C ¼ 2n
ffiffiffiffiffiffiffiffi
MK

p
.

4. Results and discussion

Parametric studies have been conducted for the 12-layer

quasi-isotropic ([0�/90�/45�/-45�/0�/90�]s) CFRP laminated

concrete wall using the proposed simplified approach for

different, (i) standoff distances, (ii) weights of TNT

explosive used, (iii) thicknesses of concrete wall, (iv)

number of layers of lamina used, (v) stacking sequence

used, and (vi) laminate material used. The geometry of

concrete wall fixed with N-layered FRP laminate is con-

sidered as per [13]. The properties of concrete and FRP

used in this study are given in Tables 1 and 2, respectively.

To validate the results obtained by present analytical

formulations for the linear dynamic response of the lami-

nated wall, the transverse center node displacement

response of a concrete wall laminated with a 12-layer

quasi-isotropic CFRP laminate subjected to a blast load

generated due to 10 kg TNT explosion is obtained and

compared with three-dimensional finite element analysis on

commercially available finite element (FE) software, Aba-

qus/CAE 2020 [14]. The results are found in good agree-

ment, as observed in Figure 2, and therefore the present

approach is considered acceptable for preliminary analysis.

4.1 Variation in standoff distance

The maximum displacements of the center node are found

for four different standoff distances (5 m, 7.5 m, 10 m, and

15 m) for a 50 kg TNT blast, as shown in table 3. The

displacements decrease with an increase in the standoff

distance, which is expected. The arrival time of the blast

can also be seen to increase with an increase in the standoff

distance, as given in table 3. At lower standoff distances, it

is also observed that the decay in peak overpressure is rapid

as compared to the higher standoff distances.

As the standoff distance increases, the scaled distance

also increases, which mandates recalculating blast load

parameters. As per the Kingery-Bulmash plots, the increase

in scaled distance is accompanied by an increase in arrival

time and a decrease in peak overpressure, which is in line

with the observation. This decrease in peak overpressure

reduces the loading on the concrete wall with the FRP

laminates, leading to lower displacements of the wall.

4.2 Variation in explosive charge weight

The displacement response of the center node of the con-

crete wall with the FRP laminates for four different

explosive charge weights of 10 kg, 25 kg, 50 kg, and

100 kg at a standoff distance of 5 m for a 200 mm thick

concrete wall is shown in figure 3. The deflection caused

due to a 10 kg blast event is 50% lower, a 50 kg blast event

is 62% higher, and a 100 kg blast event is 190% higher than

those due to a 25 kg blast event. The displacements

obtained are observed to increase with an increase in the

charge weight. This increase can be attributed to a decrease

Table 3. Effect of standoff distance on blast wave parameters and wall displacement.

5 m 7.5 m 10 m 15 m

Scaled distance (m/kg1/3) 1.357 2.036 2.714 4.072

Peak reflected overpressure (kPa) 2997.04 950.25 422.2 156.39

Arrival time (ms) 3.26 6.72 11.2 22.16

Positive duration (ms) 8.11 7.62 9.5 12.73

Maximum deflection (mm) 8.54 5.16 3.29 1.73

Figure 3. Effect of weight of explosive on center node

displacement of the wall.
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in the scaled distance, which causes an increase in the

pressure loads on the wall, leading to higher displacements.

4.3 Variation in concrete wall thickness

The center node displacements of an FRP laminate on a

concrete wall with wall thickness of 150 mm, 200 mm, and

300 mm for 50 kg TNT charge weight kept at a 5 m

standoff distance are shown in figure 4. The displacement is

observed to be the highest for a 150 mm thick concrete

wall, which can be associated with higher damage. It is also

observed that the displacement decreases as the thickness of

the concrete wall increases, which is expected. The dis-

placement for a 200 mm thick concrete wall is 41% less,

and that of a 300 mm thick concrete wall is 73.5% less as

compared to a 150 mm thick concrete wall.

The increase in thickness of the concrete wall leads to an

obvious increase in the stiffness of the wall, thus providing

higher resistance to displacements caused due to blast

loads. Moreover, the mass of the wall increases with an

increase in the thickness of the concrete wall, which also

increases the overall damping capacity of the structure.

Thus, the decrease in displacement due to an increase in the

thickness of the concrete wall can be attributed to an

increase in both the stiffness and the mass of the wall,

which is expected.

4.4 Variation in laminate layers and stacking
sequence

Figures 5(a) and (b) show the effect of the number of layers

of lamina and their stacking sequence on the dynamic

displacement response of the wall, respectively. As

expected, the displacement is observed to be higher when

the laminate consists of a lower number of layers due to a

reduction in stiffness. The center node displacement when a

12-layer angle ply laminate is used is around 15% lower,

and when an 8-layer angle ply laminate is used, it is almost

8% lower when compared to a 4-layer angle ply laminate.

The displacement is calculated for four different sym-

metric laminate orientations [0�/90�/45�/-45�/0�/90�]s, [0�/
45�/-45�/90�/0�/45�]s, [0�/90�/0�/90�/0�/90�]s, and

[45�/-45�/45�/-45�/45�/-45�]s. It is observed that the

Figure 4. Effect of thickness of the concrete wall on center node

displacement of the wall.

Figure 5. Effect of a number of lamina layers in angle ply laminate [45�/-45�/45�/-45�/45�/-45�]s and b the stacking sequence on center

node displacement of the wall.
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cross-ply laminate ([0�/90�/0�/90�/0�/90�]s) shows the

highest deflection among the considered configurations

here. The angle ply laminate ([45�/-45�/45�/-45�/
45�/-45�]s) shows the lowest displacement, which is 5%

lower than the displacement shown by cross-ply laminate.

The stacking sequence of a laminate influences the stiffness

of the laminate. Thus, the difference in the dynamic

response can be associated with a change in the stiffness of

the laminate due to the stacking sequence. However, in this

case, a higher response cannot necessarily be attributed to

higher damage as some stacking sequences might lead to

debonding failure earlier than others, irrespective of the

difference in response.

4.5 Variation in FRP material

Figure 6 shows the displacement response of the laminated

wall subjected to a 50 kg TNT explosion at a standoff

distance of 5 m when CFRP, GFRP, and Aramid FR-

P (AFRP or KFRP) laminates are used. Their displacement

response is also compared with the displacement obtained

when no FRP laminate is used to study the efficacy of using

FRP laminates. It is observed that a CFRP laminate reduces

the response of a bare concrete wall by almost 18%, GFRP

reduces the response by around 10%, and AFRP reduces the

response by around 13%. This demonstrates that the high

stiffness of FRP leads to lower displacement of the wall,

hence governs the design.

5. Conclusions

A simply supported concrete wall laminated with a sym-

metric fiber-reinforced polymer laminate subjected to blast-

induced loads is analyzed using the proposed simplified

approach in this study. Inhouse MATLAB codes are

developed to determine the blast loading and the center node

displacement response of the wall. Several parameters, such

as the weight of explosives, type of explosives, property of

laminae, orientation of laminae, and the standoff distance,

are considered for conducting a preliminary analysis using

the proposed analytical approach. The proposed approach

has further been used to conduct a parametric sensitivity

study for different (i) standoff distance, (ii) weight of TNT

explosive used, (iii) thickness of concrete wall, (iv) number

of layers of lamina used, (v) stacking sequence used, and

(vi) laminate materials. The following conclusions are

arrived at from the present study: i. The displacement

response obtained through the proposed approach to con-

duct a preliminary analysis of an FRP laminate on a concrete

wall subjected to blast loads shows excellent agreement

with the finite element analysis results and agrees with the

consensus, validating this method’s accuracy. Thus, further

conclusions are drawn using the results obtained through the

proposed analytical approach. ii. Higher standoff distances

reduce the blast load and displacements of the wall signifi-

cantly. Thus, higher standoff should be provided with the

help of physical barriers or by creating restricted zones near

high-risk areas, as part of perimeter protection. This

approach might prove economical than strengthening and

therefore consider viable. iii. The displacements are

observed to increase with an increase in charge weights. The

displacements for a 100 kg TNT blast are 190% higher, and

for a 50 kg TNT blast, are 62% higher than those due to a

25 kg blast. iv. The displacements as reduced drastically for

thick concrete walls; as compared to 150 mm thick concrete

walls, 300 mm and 200 mm thick concrete walls show a

reduction of 73.5% and 41% in center node displacements,

respectively. Thus, in situations where a thick concrete wall

is possible to provide, the need for FRP laminates can be

reassessed, and the less expensive mitigation strategy of

thickening can be used instead, at the expense of larger

footprint. v. The displacements are observed to increase

with a decrease in the number of layers in the FRP laminate.

Thus, the number of layers should be decided by optimizing

the cost and the performance requirements of the structure.

vi. The stacking sequence and ply orientation also affect the

response of the concrete wall with the FRP laminates. The

angle-ply laminates show the lowest displacement, while

the cross-ply laminates show the highest response amongst

the considered laminates. Thus, it is necessary to check for

the best possible stacking sequence and ply orientation in

the design. vii. Among the FRP composite materials studied,

the CFRP reduces the response of a concrete wall by 18%,

GFRP reduces the response by 10%, and AFRP reduces the

response by 13%. Thus, using FRP laminates helping to

reduce the deflection of concrete walls, which may also help

in reducing the damage. Moreover, it is important to choose

the optimum FRP material considering their cost and per-

formance requirements.

Figure 6. Efficacy of different laminates for reduction of center

node displacement of the wall.
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List of symbols
u, v, w Displacements of a point on the wall along

the x, y, and z directions, respectively
u0, v0, w0 Midplane displacements of the wall along the

x, y, and z directions, respectively
e, c Membrane and shear strains, respectively

r, s Normal and shear stress, respectively

e0, c0, j Midplane membrane, shear, and curvature

strains, respectively

qFRP, qc Density of FRP and concrete, respectively

hFRP, hc Thickness of FRP laminate and concrete

wall, respectively

M, K, C Mass, stiffness, and damping coefficient of

the wall, respectively

Pso, Pr Incident and reflected overpressure due to the

blast wave, respectively

Po Ambient pressure

t, ta, to Time after the blast, arrival time of the blast

wave, and positive duration, respectively

R Distance of the concerned point from the

point of explosion

We, WExp Equivalent TNT weight and actual weight of

an explosive, respectively

Hd
exp, H

d
TNT

Heat of detonation of explosive and heat of

detonation of TNT, respectively

Z Scaled distance

Qc
ij, Qij, Qij Reduced stiffness of concrete, reduced

stiffness of FRP lamina, and transformed

reduced stiffness of FRP lamina, respectively
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