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Abstract 

An explosion on the elevated structures caused by terrorist activities or manmade events can induce 

significant deformations in the civil engineering structures. Therefore, it is necessary to review the 

response of the structural systems such as masonry structures, reinforced concrete building structures 

and reinforced concrete tunnel. In order to understand the scope for protecting such a structures and 

the structural behaviour under blast loading, a detailed literature review is conducted. Based on the 

detailed literature survey, the investigations about behavior of masonry structures and reinforced 

concrete building structures were initiated since 2000; however, the behavior of reinforced concrete 

underground tunnels was focused since the year 1990. Also, the literature reveals that the 

investigations on structural systems using analytical techniques are limited, in comparison to 

experiment and simulations. In addition to that, the response of the structural elements was predicted 

and the trend was calibrated and fitted logarithmically with the experimental results. Overall, the R2 

value was found between 0.99 and 0.88 against reinforced concrete building structures, masonry 

structures as well as underground tunnels. 
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INTRODUCTION 

Terrorism has played a wide role in the life of civilians as well as important infrastructures through 

the use of explosion for the last few decades. The loss of lives and millions of dollars of property 

damage are the consequence following a successfully targeted bomb attack. The destruction of load 

bearing structure can lead to the more serious problem of collapse against blast loading; it is therefore 

important that behaviour of structure must be known in order to take special measures to avoid 

structural failure. The charge weight of the explosive, stand-off distance and peak pressure are the 

responsible parameters to examine the behaviour of the structure against blast loading. For analyzing 

structure against blast loading, sophisticated 

approach like developing numerical techniques, 

analytical methods and experimental investigations 

are important. In the past, researchers have 

published various research articles based on the 

use of experimental, analytical as well as 

numerical methods on structural systems like 

masonry structures, reinforced concrete building 

structures and underground structures. This review 

highlights the importance of structural systems 

against blast loading and the contributions 

addressed by the researchers in this field, which is 

of utmost importance in the present scenario. The 

response of masonry structures and their behavior 

against blast loading is discussed in the next part. 
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Similarly, the response of reinforced concrete building structures and reinforced concrete tunnels 

against blast loading is discussed. At the last, the generalized as well as technical conclusions are 

drawn based on the detailed review of literature are presented. 

 

RESPONSE OF MASONRY STRUCTURES 

The responses of masonry building against blast loading have been reviewed in light of 

experiments, simulations as well as analytical solutions. Further, the importance of these 

investigations and the grey area in light of present scenario is addressed. 

 

Survey on Experiments 

Wong and Karamanoglu observed that the response of masonry structures to explosions is non-

linear [1]. Mayrhofer suggested that the reinforced masonry walls fail at a value 10 or 13 times of the 

elastic deflection [2]. Wu et al. observed that the unreinforced walls are not ductile but it is more 

flexible as compared to the reinforced masonry wall [3]. The structures to blast excitation were found 

primarily associated with the high vibration modes and also found that the out-of-plane damage of the 

masonry walls is a lot more severe than the in-plane damage. Davidson et al. observed that the stiff 

composite materials were deemed a poor choice for widespread use, not because of ineffectiveness in 

preventing fragmentation and collapse, but rather because of high material costs, challenges in 

bonding the material to the wall, and difficulties in anchoring the material to the host structure [4]. 

 

Zapata et al. observed that the deflection and resistance-based criteria were adopted for quantifying 

the state of an unreinforced brick bearing wall building relative to its collapse limit state [5]. Fische et 

al. found that the masonry walls exhibit brittle behaviour against blast loading [6]. The failure of a 

masonry wall is likely to be sudden and severe that poses significant debris hazard to building 

occupants when subjected to blast loads. Aghdamy et al. compared between the efficiency of 

reinforced polymer and aluminium foam against blast loading and found that the reinforced polymer 

has more capacity to enhance wall performance in the impulsive and dynamic regimes while 

aluminium foam is better in the quasi-static regime [7]. Ahmad et al. noted that the time lag is not 

only related to scaled distance but also to wave propagation subjected to blast loading [8]. Based on 

the literature, it has been observed that the deflection in the masonry walls is influenced by the peak 

pressure (Table 1); however the information about the behavior of masonry structures was found to be 

limited and the study requires detailed investigations. Chen et al. concluded that more attention 

should be paid on increasing shear resistance of masonry wall retrofitted to blast load [9]. It is found 

that masonry wall thickness and boundary conditions greatly affect the wall responses. With the 

increase of explosion loads, the failure mode of masonry walls changes from flexural failure of the 

wall to combined flexural failure and fragmentation of masonry, according to Li et al. [10]. 

 

Sielicki and Tomasz found that the mortar phase is weaker than the brick unit when the masonry 

structures are subjected to blast loading [11]. With the increase of wall thickness or the decrease of 

wall height, the damage level was found to be decreased significantly, according to the study 

performed by Zhan et al. [12]. Based on the literature, it has been observed that the investigation of 

the behavior of masonry building was studied from last two decades show ever the information about 

the behavior was found limited and needs detailed investigation. Based on the results available in the 

 

Table 1. Response of masonry wall under varying peak pressure. 

Literature Peak Pressure  

(kPa) 

Deflection  

(mm) 

Li et al. 2017 [9] 2.75 0.6 

Li et al. 2017 [9] 3.80 1.8 

Wong et al. 1999 [1] 16.00 25 

Aghdamy et al. 2013 [7] 219.00 96 

Aghdamy et al. 2013 [7] 494.00 102 
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Figure 1. Deflection of masonry structures against varying peak pressure subjected to blast  

loading (a) experiment and (b) projected as logarithmic from the present study. 

 

 
Figure 2. Damage of masonry wall against blast loading [9]. 

 

literature, the response of masonry wall in terms of deflection corresponding to various peak pressure 

subjected to blast loading is shown in Figure 1(a and b). The trend is calibrated by trend line options 

such as exponential, linear, logarithmic, varying degree of polynomials, power and moving average; 

however logarithmic fitted very well with the experimental results. Further, the response of masonry 

wall was predicted against varying the peak pressure subjected to blast loading (Figure 1(b)). The 

expected deflection in the masonry wall is 0.18 m corresponding to peak pressure 20000 kPa; 

however the influence of deflection may be negligible after 10000 kPa peak pressure subjected to 

blast loading. The R2 value was found to be 0.9842 in order to fit with the experimental results. 

 

The typical damage behaviour of masonry structures against blast loading is shown in Figure 2. 

However, the damage may vary depending on the configuration of masonry building, grade of mortar 

and charge weight. 

 

Survey on Numerical Studies 

The collapse mechanisms are unpredictable due to the relatively low transmitted impulse [13, 14]. 

Hao et al. found that the accurate material model that reflects the characteristics of brick and mortar 

behaviour at high strain rates plays a vital role for reliable prediction of masonry structure response to 
blast loads [15]. It is well known that brick and mortar have very different tensile and compressive 

(a) (b) 
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strengths, and the material strength is sensitive to the pressure and strain rate. Wei and Stewart found 

that the boundary conditions and wall thickness significantly affect the blast response, while the effect 
of material strength is relatively small [16]. Draganic et al. stated that the interaction of blast waves 

with structures can lead to high levels of structural damage, failure of internal systems, secondary fire, 
structural collapse and potentially fatal injury to any occupants [17]. Keys et al. observed that the 

structures built from primarily brittle materials, such as concrete and masonry, the higher levels of 
damage result in breakage and fragmentation, especially in the dynamic loading [18]. 

 
Survey on Analytical Studies 

Chan et al. stated that there are three shear failure surfaces to be evaluated; the initial yield surface 
(Eq. (1)), the maximum yield surface (Eq. (2)) and the residual yield surface (Eq. (3)) that are 

described as [9]: 

𝐹𝑚(𝑃) = 𝑎𝑚𝑜 +
𝑃

𝑎1𝑚+𝑎2𝑚𝑃
 (1) 

𝐹𝑦(𝑃) = 𝑎𝑦𝑜 +
𝑃

𝑎1𝑦+𝑎2𝑦𝑃
 (2) 

𝐹𝑟(𝑃) = 𝑎𝑟𝑜 +
𝑃

𝑎1𝑟+𝑎2𝑟𝑃
 (3) 

Where; P is the pressure and it is the first invariant of stress tensor (i.e., σ1+σ2+σ3); F(P) is the 

failure surface for the deviatoric stresses. The inputting parameters i.e. aom, a1m, a2m etc. are constants 
which could be fitted and determined from laboratory data. Ahmad et al. 2014 [7] examined the peak 

pressure (PSO) (Eqs. (4) and (5)) subjected to blast loading by empirical formulae for comprehensive 
study of masonry structure against blast loading. 

 

Ps0 = 0.098 [
𝑅

𝑄1 3⁄ ]
−1

+ 0.1465 [
𝑅

𝑄1 3⁄ ]
−2

+ 0.585 [
𝑅

𝑄1 3⁄ ]
−3

− 0.0019, 0.1 ≤ Ps0 ≤ 1 (4) 

Ps0 = 0.67 [
𝑅

𝑄1 3⁄ ]
1 3⁄

+  0.1, Ps0 > 1 (5) 

Where; R is standoff distance in meters measured from charge center and Q is TNT equivalent 
charge weight in kilograms. 

 
RESPONSE OF REINFORCED CONCRETE BUILDING STRUCTURES 

The responses of reinforced concrete building structures against blast loading have been reviewed 
in light of experiments, simulations as well as analytical solutions. Further, the importance of these 

investigations and the grey area in light of present scenario is addressed. 
 

Survey on Experiments 

The detonation of the explosive charge to the complete demolition, including the propagation of the 

blast wave and its interaction with the structure is reproduced. The collapse was due to a gravitational 

mechanism originated by the destruction of the lower columns, as studied by Luccioni et al. [19]. 
Hashemi and Mosalam observed that the middle frame experiences higher demand than the side frame 

due to larger tributary area [20]. Marjanishvili studied that the progressive collapse and established a 
reliable structural damage assessment procedure to predict a possible future phase of progressive 

collapse of RCC building [21]. When the pressures are higher, the interaction causes the loads to be 
high enough to fail the exterior column and the same was predicted through the simulations, 

according to Baylot et al. [22]. Wu and Hao states that when the scaled distance is less than about 
1.82 m/kg1/3, collapse of the low-rise structures is expected, whereas the medium-rise structures fail 

when the scaled distance is less than about 1.18 m/kg1/3 [23]. The safe stand-off distance to prevent 
excessive damage of the low-rise structures against blast load is 4.50 m/kg1/3, whereas it is 5.60 

m/kg1/3 for medium-rise structures. The deflection in the RCC building is influenced by the charge 
weight (Table 2); however the information about the behaviour of RCC building structures was found 

to be limited and the study requires detailed investigations. 
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Table 2. Response of slab under varying charge weight. 

Literature Charge weight  

(kg) 

Deflection  

(mm) 

Salloum et al. 2015 [30] 13.60 90.0 

Gram et al. 2012 [30] 243.00 350.0 

Murali et al. 2016 [24] 500.00 435.0 

 

 
Figure 3. Deflection of concrete against varying charge weight from the (a) experiment and (b) 

projection as logarithmic from the present study. 

 

Murali et al. observed that the deflection of the three-storey-three bay bare frame is about 2.4 times 

that of the three-storey-three bay frames with 230 mm thick in fill wall without opening [24]. Qian 

and Bing observed that the curtailment of longitudinal reinforcement in beams will change the failure 

mode of the bare frame [25]. The insufficient horizontal constraints and possible shear failure at the 

exterior joints impairs the efficiency in compression and tension developed in the multi-storey bare 

frames significantly. Taromiand Khosravi observed that the lateral maximum acceleration of RC 

frame is independent of storey count and the geometrical shape of the building [26]. Based on the 

literature, the investigation on the behaviour of reinforced concrete building structures was studied; 

however the information about the behaviour was found limited and needs detailed investigation. The 

response of RCC building structures in terms of deflection corresponding to various charge weight is 

shown in Figure 3(a). The trend was calibrated by trend line options such as exponential, linear, 

logarithmic, varying degree of polynomials, power and moving average and logarithmic was fitted 

with the experimental results. Further, the response of RCC building was predicted against varying 

the charge weight (Figure 3(b)). The expected deflection is 0.55 m; corresponding charge weight is 

2000 kg and the influence of deflection may be negligible after 1000 kg of charge weight. The R2 

value was found to be 0.997 in order to fit with experimental results. 

 

Survey on Numerical Studies 

Shi et al. found that the dynamic effect of the sudden removal of the center column enables the 

frame to vibrate and deform mainly in the vertical direction, but the collapse of the front side of the 
frame causes a slight rotation of the whole frame, leading to a small displacement [27]. Jayasooriya et 

al. found that the principle stress and plastic strain was effective parameter to determine the damage 
behaviour of the RCC building [28]. Gram et al. observed that the velocity is examined by finite 

element analysis subjected to blast loading on the structure [29]. The momentum produced during the 
blast loading was examined with the velocity and momentum and verified with the accelerometer in 

experiment study. Al-Salloum et al. examined the local damage in a structure due to blast loading 
with two different approaches: one involving the use of CONWEP and another using fluid-structure 

interaction by employing Alternate Lagrangian Eulerian (ALE) element formulation [30]. It was 

(a) (b) 
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observed that both the approaches predict similar results. Senthil et al. 2018 performed numerical 

analysis on the building frame as well as underground tunnel in order to understand the influence of 
mass of TNT, standoff distance, boundary conditions etc. and it was demonstrated very well the 

accuracy and effectiveness of the finite element based numerical models [31, 32]. Also, the results 
revealed that standoff distance has great influence on the survivability of reinforced concrete wall as 

well as slab. 
 

Survey on Analytical Studies 

Ngo et al. observed that the analysis and design procedures are including information on such items 

as: 1) blast, fragment, and shock-loading; 2) principles of dynamic analysis; 3) reinforced and structural 
steel design; and 4) a number of special design considerations, including information on tolerances and 

fragility, as well as shock isolation [33]. The structural response blast wave encounters an obstacle 

perpendicular to the direction of propagation, reflection increases the overpressure to a maximum 
reflected pressure Pr, the maximum blast overpressure Pso, and Po is ambient pressure (Eq. (6)). 

Pr = 2PS0 [
7𝑃0+4𝑃𝑆0

7𝑃0+𝑃𝑆0
] (6) 

 
Shi et al. found that the examination of the pressure-impulse curves find that they can be expressed 

analytically as (Eq. (7)) (Figure 4) [27]: 

(P −  P)0(I −  I )0 = 𝐴 (
P0

2
+

I0

2
)

β
 (7) 

Where, P0 is the pressure asymptote, I0 is the impulsive asymptote and A and β are constants. 

Jayasooriya et al. observed that the loading is assumed to develop synchronously along the beam and 
is idealized as a triangular pulse (Eq. (8)) (Figure 5) [28]. 

P(x, t) = P0 [
1−

td
] (8) 

Where, t represents the time variable, Po is the peak blast pressure and td is the positive phase 

duration. 
 

RESPONSE OF REINFORCED CONCRETE TUNNEL 

The responses of reinforced concrete tunnel against blast loading have been reviewed in light of 

experiments, simulations as well as analytical solutions. Further, the importance of these 
investigations and the grey area in light of present scenario is addressed. 

 

 
Figure 4. Impulse-pressure vs. time against the blast loading. 



 

International Journal of Structural Engineering and Analysis 

Volume 7, Issue 1 

ISSN: 2456-5326 

 

© JournalsPub 2021. All Rights Reserved 37  
 

 
Figure 5. Idealized blast loading. 

 

Survey on Experiments 

Smith et al. found that the correlation between experiments on the basis of impulse would not be so 

good [34]. It was observed that the small scales used here are on the limit of successful modelling. It 

was suggested that the scales of 1:30 to 1:40 may be more satisfactory for correlation in between 

actual and small-scale study of behaviour of tunnel against blast loading. Lu 2005 [35] concluded that 

the maximum lining stress due to internal blast loading that may cause damage at the section closest 

to the explosion. A designer may adopt dynamic soil parameters which are obtained from the detailed 

ground investigations; as well as soil testing may result in a more economical analysis, as studied by 

Gui and Chien [36]. Feldgun et al. observed that the shock wave propagation in dynamic loading with 

interaction inclusion of the multiple reflections i.e. soil-structure dynamic interaction, including 

multiple gaps opening/closure and wave propagation in the surrounding medium by which it affected 

the damage of tunnel [37]. The grouting operation is done to improve the stiffness of soil around 

subway tunnel which could be an effective mitigation measure to increase blast resistance, as per Liu 

[38]. The upper part of the tunnel lining cross-section with directions ranging from 0 to 22.5° and 

horizontal distances 0 to 7 m away from the explosive centre are the vulnerable areas, and the metro 

tunnel might be safe when tunnel depth is more than 7 m, as observed by Yang et al. [39]. Chen et al. 

found that subjected to close-in explosions, the buried arch deforms at a dominant flexural mode 

accompanying with compression mode [40]. 

 

Stolz and Ruiz-Ripoll observed that the mobilization of the shear strength of the soil is comparable 

to a static loading with the main important difference that the dynamic shear strength in terms of the 

friction angle is approximately two times the static one [41]. Soheyli et al. performed the large-scale 

experiment as well as simulations on the underground tunnels and predicted the response in terms of 

acceleration at 1.69 and 2.76 kg mass of TNT and this study is helpful for engineers and future 

theoretical and numerical studies [42]. Based on the literature, the deflection in the reinforced 

concrete tunnel is influenced by the charge weight (Table 3); however the information about the 

behaviour of tunnel was found to be limited and the study requires detailed investigations. 

 

Table 3. Charge weight and maximum deflections  

in reinforced concrete tunnel. 

Literatures Charge Weight  

(kg) 

Deflection  

(mm) 

Feldgun et al. 2007 [37] 0.066 0.48 

Soheyli et al., 2016 [42] 1.69 1.10 

Soheyli et al., 2016 [42] 2.76 1.60 
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Figure 6. Charge weight versus maximum deflection from the (a) experiment and (b) projection as 

logarithmic function from the present study. 

 

The response of reinforced concrete tunnel in terms of deflection corresponding to charge weight is 

shown in Figure 6(a and b). The trend was calibrated by trend line options such as exponential, linear, 

logarithmic, varying degree of polynomials, power and moving average; however logarithmically, the 

experimental results was fitted. Further, the response of reinforced concrete tunnel was predicted 

against varying the charge weight (Figure 6(b)). The expected deflection is 2.4 mm; corresponding 

charge weight is 100 kg; whereas the influence of deflection may be negligible after the 

corresponding charge weight of 40 kg. The deflection was predicted, and the corresponding R2 value 

was 0.88. The generalized damage pattern was identified based on the detailed literature survey 

(Figure 7). The displacement may vary depending on the configuration of RC tunnel, grade of 

concrete and reinforcement as well as charge weight. 

 

 
Figure 7. Schematic layout of tunnel against blast loading. 

(a) (b) 
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Survey on Numerical Studies 

The 2D model predicts reasonably accurate results in terms of the crater size, blast loading on the 

structure, and the critical response in the front wall. Otherwise, the response in the remaining part of 

the structure shows noticeable differences between two dimensional and three-dimensional models, as 

observed by Lu et al. [43]. The performance of three-dimensional finite element (FE) is analysed in 

order to develop the chart to assess the response of tunnel against blast loading. The tunnel damage 

assessment charts were developed from the numerical analysis and provided a methodology for 

simple and practical application to vulnerability assessment of tunnels, as observed by Choi et al. 

[44]. Buonsanti and Leonardi carried out the analysis of underground tunnel in two steps [45]. In the 

first step, the initial stress state caused by soil load and fire were obtained and the second step was 

used to analyze the dynamic response under blast loading. Koneshwaran et al. proposed that the blast 

response of a tunnel buried in saturated soil is more severe in terms of crack formation and bolt 

failures than that of tunnels buried in either partially saturated soil or dry soil when subjected to the 

same surface explosion [46]. Senthil et al. found that there is difference in between the experiment 

and simulations in light of acceleration travel time [47, 48]. Based on the detailed literature survey, it 

is observed that the behaviour of underground tunnels subjected to external blast loading is not 

predicted in depth due to complex nature of loading and soil-structure interactions. 

 

Survey on Analytical Studies 

Ousji et al. proposed that the impulse depends strongly on three parameters, the tunnel length, the 

diameter, and the explosive mass [49]. The reflected pressure is examined with the Eq. (9). 

∆𝑃𝑖

𝑃0
= 𝑓1 (

W𝑟

𝐷2𝐿
,

𝐷

W𝑟
1 3⁄  )  (9) 

Where, equivalent charge mass is (Wr), D is equivalent diameter of the tunnel and P0 is 

atmospheric pressure. Soheyli et al. observed that the maximum dynamic force 𝑃0 has been obtained 

from semi empirical equation provided by US Army [42]: 

𝑃0 = 48.8𝜌𝐶𝑓𝐶 (
2.52𝑅−𝑛

𝑊1 3⁄ )  (10) 

Where, 𝜌 is the specific density of the soil, C is the average wave velocity, 𝑅 is the distance from 

the explosive charge, 𝑊 is the weight of explosive charge, and 𝑛 is the damping coefficient. Based on 

the literature, it has been observed that the investigation of the behaviour of reinforced concrete tunnel 

was studied in the last two decades; however the information about the behaviour was found to be 

limited and needs a detailed investigation. 

 

GENERALIZED CONCLUSION 

Based on the detailed literature survey, the following generalized conclusions were drawn: 

• In light of detailed literature review, the investigations about behavior of masonry structures 

and reinforced concrete building structures were initiated since 2000; however, the behavior of 

reinforced concrete underground tunnels was focused since the year 1990. 

• However, the investigations on structural elements using analytical techniques were found to be 

limited in comparison to experiment and simulations. 

• Owing to the literature survey is evident that the research on blast loading and the effect it has 

on the structural systems is very limited and needs to be attended keeping in mind the present 

scenario and the terror threat. 

• It is also observed that the effectiveness and accuracy of continuum level finite element model 

on the behavior of underground tunnels subjected to external blast loading is not predicted in 

depth due to complex nature of loading and soil-structure interactions. 

 

TECHNICAL CONCLUSION 

Based on the detailed literature survey, the following specific conclusions were drawn: 
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• The predicted deflection in the masonry building is 0.18 m, corresponding peak pressure 

subjected to blast loading is 20,000 kPa; however the influence of deflection was found to be 

negligible after the 10,000 kPa peak pressure subjected to blast loading. The R2 value was 

0.984 in order to fit with experimental results. 

• The predicted deflection in the reinforced concrete building structures was 0.55 m, 

corresponding charge weight of 2000 kg and the effect may be negligible after 1000 kg of 

charge weight. The R2 value was 0.997 in order to fit with the experimental results. 

• The predicted deflection in the reinforced concrete tunnel is 2.4 mm, charge weight of 100 kg 

and the effect may be negligible after 40 kg of charge weight. The R2 value was 0.88 in order to 

fix with experimental results. 
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