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Abstract 

   The risks associated with suitcase bombs are of serious concern because they can be easily 

handled and placed within close proximity of key structural components of building structures. 

The most common failure mode of the structures subjected to blast loads from satchel and 

suitcase bombs is progressive collapse. High-fidelity physics based computer program, LS-

DYNA is utilized in this study to provide numerical simulations of the dynamic response and 

residual axial capacity of reinforced concrete (RC) columns subjected to blast loads. Field tests 

using near-field explosive charge were conducted on two RC column specimens. The test results 

were compared with the analytical results to validate the finite element model. An extensive 

parametric study was conducted to investigate the relationship between residual axial capacity 

and structural and loading parameters such as material strength, column detail and blast 

conditions. Two empirical equations were derived through a multivariable regression analysis in 

terms of the various parameters to predict the residual capacity index based on a non-

dimensional column dimension parameter (ωTNT). According to the proposed equations, the 

residual capacity index can be determined and compared with a service axial load index 
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1. Introduction 

   Blast loads and its effects on structures have received considerable attention in recent years due 

to the many accidental or intentional events that have damaged important structures. The most 

common failure mode caused by blast loadings is progressive collapse. One of the most useful 

information when assessing the possibility of progressive collapse of a blast-damaged structure 

would be the residual axial capacity of its columns. There are two main analytical methods for 

blast-resistant design. The first method utilizes structural dynamic analysis to determine the 

maximum responses for structure under blast loads [1, 2]. The second method utilizes an 

explosive test or finite element analysis to determine the column behavior when subjected to 

blast loads [3, 4]. As the explosive test is a very costly option, finite element analysis was 

utilized to carry out the blast-resistant design in this study. 



   When the structures are subjected to blast loads, its structural components may respond at very 

high strain rate of up to an order of 10-1000 s
-1

 or even higher. At such high strain rates, the 

apparent strength of the materials can significantly increase, by more than 50% for the steel, 

100% for concrete in compression, and in excess of 600% for concrete in tension [5]. In this 

research, two RC and one SRC column specimens were utilized and subjected to actual contact 

(for SRC specimen) or with a stand-off (for RC specimens) explosives in a field test [6]. A high-

fidelity physics based computer program, LS-DYNA [7] is used to provide numerical 

simulations of the dynamic response and residual axial capacity of columns subjected to blast 

loads. In this paper, the test results of the two RC columns are presented and the accuracy of the 

analytical model is checked by comparing the analytical results with the experimental ones. 

Parameters with the model such as material strength, column details and blast condition can be 

changed and its effects on the residual axial capacity of the columns can be studied. Studying 

several models with different parameters can be helpful to develop an empirical equation capable 

of predicting the residual axial capacity of blast-damaged columns. An example of such an 

equation is: 

Residual axial capacity = f (material strength, column details, blast condition)                           (1) 

 

2. LS-DYNA analysis of column damages under the blast loads  

2.1. Structural geometry 

   The column considered herein is shown in Fig. 1. Solid elements with a single integration point 

were used to model concrete while beam elements were used to model steel reinforcing bars. A 

mesh size of 50 mm is used to create the model. In order to provide higher fidelity for the 

column constrains, a footing and a head are included in the numerical model, as shown in Fig. 1. 

The outer vertical face of footing and head were constrained against horizontal motions (i.e., in 

the x- and y-direction) and the bottom face of footing is constrained against vertical motion (i.e., 

in the z-direction). In the numerical simulations, a perfect bond is assumed between the concrete 

and the steel. The steel reinforcing bars were modeled explicitly using beam element. As a result, 

“shared nodes” are used between the concrete mesh and the steel reinforcement mesh. It is 

assumed that perfect bond exists and there is no slip occurs at these shared nodes. 

2.2. Material model 

2.2.1. Concrete 

The Finite element code LS-DYNA, which is used in this research, contains several material 

models that can be used to represent concrete, namely, material type 5 (Soil and Crushable 

Foam), material type 14 (Soil and Crushable Foam Failure), material type 16 (pseudo tensor), 

material type 25 (geological cap model), material type 72RW3 (concrete damage), material type 

84(winfrith concrete), and material type 96 (brittle damage). Material type 72 RW3 

(MAT_CONCRETE_DAMAGE_REL3), was the third release of Karagozian and Case (K&C) 

concrete model. It is a plasticity-based model, using three shear failure surfaces and including 

damage and strain-rate effects [8]. The model has a default parameter generation function based 

on the unconfined compressive strength of the concrete. In this model, the stress tensor is 

expressed as the sum of the hydrostatic stress tensor and the deviatoric stress tensor. The 



hydrostatic tensor changes the concrete volume and the deviatoric stress tensor controls the 

shape deformation. 

   A three-curve model is used to analyze the deviatoric stress tensor, as shown in Fig. 2, where 

the upper curve represents the maximum strength curve, the middle curve is the initial yield 

strength curve and the lower curve is the failed material residual strength curve. 

   Concrete has a complex non-linear compression behavior because of its large-scale 

heterogeneity and a porosity of typically 10%. The compaction model for concrete used here is 

defined as follows: 

 
where E is the initial energy per initial volume, γ is the ratio of specific heats. Pressure is 

determined by the volumetric strain (εv= (ρ0/ρ) - 1) and specific internal energy e where ρ is 

density and ρ0 is the reference initial density of solid material as shown in Fig. 3. Comparison 

between the present compaction model and experimental results in literature [9] for normal 

concrete of 50 MPaare shown in Fig. 4. 

   The effect of strain rate is typically represented by a parameter, namely the dynamic increase 

factor (DIF). It is the ratio of dynamic-to-static strength versus strain rate. Usually, the strain rate 

effect is also response time history dependent. However, in practice it is always assumed to 

depend on the strain rate only. The DIF of compressive strength given by CEB [10] is expressed 

as follows: 

 
where is the dynamic compressive strength at the strain rate ,  

 is the static compressive strength and fcu is the 

static cube compressive strength in MPa. Fig. 5 shows the comparison between the experimental 

results and the CEB empirical results. CEB also recommends the use of the DIF to determine the 

tensile strength of concrete. However, it was noted during comparing available experimental 

results with the CEB empirical results, that the tensile DIF recommended by CEB was 

substantially underestimated as illustrated in Fig. 6. For this reason, the modified CEB 

formulation [11] is used to estimate the DIF of tensile strength as follows: 

 

where ftd is the dynamic tensile strength at the strain rate   

is the static compressive strength in MPa and =10 MPa. The strain rate 

effects on Eq. (3) and Eq. (4) are only in the strain rate range of 10
6
-1000 s

-1
. When the strain 

rate is higher than 1000 s
-1

, DIFs for 1000 s
-1

are used to avoid overestimation of the strain rate 

effect. Once the DIFs are calculated, a dynamic compressive strength and a dynamic tensile 

strength are obtained by multiplying the DIF with the respective static strength. 

   The element erosion function, while not a material property or physics based phenomena 

provides a useful means to simulate the spall of concrete and produce response plots that provide 

a more realistic graphical representation of the actual blast events. The erosion feature is 

characterized by a physical separation of the eroded solid element from the rest of the mesh. In 

this study, elements are eroded when their principle tensile strains reach 10 percent. 

 

 



2.2.2. Steel 

   The steel within the column is modeled as a strain sensitive uniaxial elastic-plastic material to 

account for its strain rate sensitivity as well as stress-strain history dependence. Material model 

PIECEWISE_LINEAR_PLASTICITY (MAT_024) from LS-DYNA is utilized in this study to 

incorporate the strain rate effect. The expressions proposed by Malvar [5] on strain rate effect are 

utilized in this study. Fig. 7 shows this proposed DIF for both yield and ultimate stress. The DIF 

for steel can be expressed as follows: 

 
where for the yield stress, α = αfy is expressed as follows: 

 
and for the ultimate stress, α= αfu is expressed as follows: 

 
and where the strain rate equation is in s

-1
 and fy is the yield strength in MPa. Eq. (5) is valid 

with yield stresses between 290 and 710 MPa, and for strain rates between 10
-4

 and 10 s
-1

. 

2.3. Simulation of blast loads used in hydrocodes 

   The Arbitrary LagrangeeEuler (ALE) approach was used to model the interface between the air 

and the structure. LS-DYNA applies a coupled methodology to allow an optimum numerical 

solution. Using this approach, different domains of a physical problem such as structures and 

fluids can be modeled simultaneously using different numerical techniques. These different 

domains are then coupled together in space and time. These features make this computer 

program especially suitable for the study of interaction problems involving multiple systems of 

structures and fluids. 

   In the numerical model, air is assumed to be an ideal gas that is able to satisfy the equation of 

state (EOS). The pressure related to the energy can be expressed as follows: 

 
where γ is a constant, ρ is the air density and e is the specific internal energy. In this study, the 

parameters in Eq. (8) given in Table 1. 

   High explosives (TNT) are typically modeled by using the Jonese-Wilkinse-Lee (JWL) EOS, 

which models the pressure generated from the chemical energy in an explosion. It can be 

expressed as follows: 

 
where p is the hydrostatic pressure, ν is the specific volume, e is the specific internal energy, and 

A, B, R1, R2, and ω are the material parameters. In this study, the parameters in Eq. (9) are given 

in Table 2. 

   The geometry of the explosive charge used in the numerical simulation was identical to that 

used in the experimental work. During the numerical computation, the geometrical extent of the 

air was kept unchanged. However, the air is responsible to propagate the blast wave. 

2.4. Analytical procedure 

   The following analytical procedures are applied to the parametric study presented in Section 4. 

 



2.5. Stage 1: (initial stage) 

   In the initial stage, a linearly increasing axial force up to the service axial load (PL) is imposed 

on the column prior to the blast loads to simulate the gravity load effects presented in the 

column. The time duration for increasing the loads from zero to full service load is 50 ms. This 

axial force must be applied gradually in an explicit dynamic analysis. The initial axial load 

applied to the column is dependent on the axial load ratio (ALR) which is expressed as follows: 

 
Where is the compressive strength of concrete and Ag is the gross area of column cross section. 

The ALR range applied to the analytical columns is from 0.2 to 0.4. This represents a typical 

ground floor column in a low-to-medium-rise building. 

2.6. Stage 2: (blast stage) 

   Blast loads are applied over the front face of the column. The dynamic analysis for computing 

the response of the column under blast load needs to be executed for a sufficiently longer time to 

capture the complete blast response. Since it is extremely time consuming to carry out the 

simulation until the column reaches the complete response, the simulation is stopped when the 

velocities at all the nodes are sufficiently small, i.e., less than 0.1 m/s. 

2.7. Stage 3: (post-blast stage) 

   In the post-blast stage, the axial load is gradually increased by applying a downward vertical 

displacement at the top of the column. Using the method of displacement history, both the 

residual capacity index and the softening portion of the loading curve can be captured. One 

typical curve is shown in Fig. 8. It should be noted that in the blast stage, due to the inertia effect, 

the axial load supported by the column is not constant and it fluctuates with the deformation of 

the column. 

2.8. Stage 4: (vulnerability assessment) 

   To assess the blast vulnerability of a column, service axial load index (ALI) and residual 

capacity index (RCI) are defined as follows: 

 
where Pr is the residual axial capacity of the blast-damaged column and PN is the nominal 

strength of the RC column. A column whose ALI is greater than its RCI is considered as failed 

or collapsed, otherwise, the column is supposed to have sufficient strength for the blast loads. 

 

3. Validation of analytical results 

   Two RC columns were subjected to a charge, equivalent to 25 kg of TNT that was placed at 

two different stand-off distances, 200 and 500 mm. 

3.1. Experiment specimens 



   The column specimens were included with a top head and a foundation. Fig. 9 shows the 

geometry and section details of the test specimens. The RC column specimens were designed 

based on the specifications provided by standard design codes and geometrically scaled down by 

two-thirds of the size of the column in a typical twenty-story residential building in Singapore. 

All the column specimens have a cross-sectional dimension of 400 x 400 mm and a vertical 

height of 2400 mm. The two RC column specimens were identical. The column specimen had a 

longitudinal reinforcement of eight T20 bars and transverse reinforcement of shear links formed 

by R6 bars placed 125 mm apart. The provided longitudinal reinforcement ratio is 1.57% and 

volumetric ratio of transverse reinforcement is 0.21%. 

   Ready-mix concrete, with a characteristic compressive strength of 30 MPa at 28 days, 13 mm 

aggregate size and a slump of 125 mm was used to cast the specimens. Twenty-four 150 x 300 

mm test cylinders were also cast and cured under the same conditions to ensure that they are 

representative of their respective column specimens. The averaged cylinder compressive strength 

is 40 MPa. This strength value was adopted in the finite element models for response simulation 

of test specimens. 

   Two types of steel reinforcement bars, high tensile strength steel bars with a nominal yield 

strength of 420 MPa and mild steel bars with a nominal yield strength of 280 MPa were used in 

both the specimens. T20 high tensile strength steel bars were used as longitudinal reinforcement 

and R6 mild steel bars were used as transverse reinforcement. 

3.2. Test setup 

   The test was conducted by placing a charge, equivalent to 25 kg of TNT above the column 

specimens. The specimens were all placed horizontally as the TNT charge could be conveniently 

installed. In this manner, the ground was utilized to act as the lateral support from the floor slab 

and foundation at the top and bottom ends of the column. The TNT was placed on both 

specimens at a distance of 900 mm measured along the column axial direction from its 

foundation. The two RC column specimens had their TNT charge placed at stand-off distances of 

200 mm and 500 mm from the face of the column respectively. Fig. 10 illustrates the various 

configurations at which the TNT charge was placed on the two specimens. Table 3 summarizes 

the explosive masses and stand-off distances of these specimens. No column axial load was 

applied in the test. 

3.3. Comparisons between analytical and test results 

   In a contact, or near-field blast loading scenario, extremely high peak overpressure are 

generated. The equipment utilized to measure the response history of the specimen fails when it 

is subjected to such high pressure. Thus the test results obtained from the experiments only 

provide damage profiles such as erosion zone of concrete and deformed shapes of the specimens. 

The boundary conditions for the test specimens and the analytical models are shown in Figs. 11 

and 12. The stand-off distance was created by the polystyrene material. It is assumed that this 

type of packing material has no significant resistance to the blast loads. Thus, the packing 

material was modeled as air in the numerical simulation. 

   Fig. 11(a) shows a photograph of RC column specimen 1 after being subjected to the explosive 

test. The concrete around the regions of the explosive charge was completely damaged. All the 

longitudinal reinforcement bars suffered large lateral deformation. The transverse reinforcement 

bars had also shifted from their initial locations. The core of RC column specimen 1 sustained 



serious damage, and can be considered to be fully damaged without any residual axial capacity. 

The analytical results for RC column specimen 1 are shown in Fig. 11(b). Colors on the fringe 

plot indicate the amount of maximum principle strain. It is evident that the concrete erosion zone 

is 1200 mm in length. The analytical crack profile is very similar to the cracks sustained by the 

specimen from the actual charge, indicating that the numerical simulation produced fairly 

accurate results. In the separate explosive test of the SRC specimen [6], it was confirmed by the 

numerical analysis that after the discharge of the explosive, the deformed shape and the 

deflection of the wide flange steel section encased in the column can be rather accurately 

predicted. This observation seems to suggest that the physics based numerical model can be a 

very powerful and reliable tool for parametric study of RC or SRC columns subjected to the 

effects of contact or near-field explosives [6]. 

   Fig. 12(a) shows a photograph of RC column specimen 2 after being subjected to the explosive 

test. The damaged profile of this specimen is similar to that of RC column specimen 1, i.e., fully 

damaged without any residual axial capacity. The analytical results for RC column specimen 2 

are shown in Fig. 12(b). It is evident that the concrete erosion zone is 800 mm in length. The 

analytical crack profile is very similar to the cracks sustained by the specimen from the actual 

charge, indicating that the numerical simulation produced fairly accurate results. 

 

4. Numerical simulation study  

4.1. Numerical simulation matrix 

   Numerical simulations were performed to evaluate the dynamic response and to estimate the 

residual capacity index of the blast-damaged RC columns using the analytical models that were 

initially developed. This was followed by an extensive parametric study on the RC columns. The 

parameters under consideration include, longitudinal reinforcement ratio ρg = 1.5% and 2.5%, 

transverse reinforcement ratio ρv = 1.00% and 0.50%, square column depth h = 0.4 m, 0.6 m and 

0.9 m, square column height H = 3 m and 4.4 m and axial load ratio  = 0.2 and 0.4. The 

parametric study was carried out on a series of ten RC columns, as illustrated in Fig. 13. All the 

RC columns were seismically detailed. The spacing of the transverse reinforcement was 

determined in accordance with the ACI 318 code. Table 4 summarizes the specimen 

characteristics of the numerical simulation matrix. All of the ten RC column specimens were 

modeled with the same materials. High tensile strength steel bars with a nominal yield strength 

of 420 MPa were used as longitudinal reinforcement and mild steel bars with a nominal yield 

strength of 280 MPa were used as transverse reinforcement. The compressive strength of the 

concrete was 40 MPa. 

4.2. Numerical results of residual capacity index of the blast-damaged RC columns 

   Dynamic analyses were performed on the entire series of RC columns with various 

combinations of blast conditions and service axial loads. TNT explosive was used and located at 

either the bottom of columns or at a height of 1.5 m from the footing of columns. The explosive 

mass ranges from 2.5 to 25 kg for all specimens except for Specimen RC9. The explosive mass 

for Specimen RC9 ranges from 20 to 60 kg. 

 



4.2.1. Effect of column depth 

   A column with a greater depth is generally able to resist a larger impulsive load created from a 

relatively bigger amount of explosive mass. Increasing the column depth means more concrete 

area and larger cross section modulus, which will result in an increase in both shear and bending 

strength of the column. Fig. 14 shows the effect of column depth on the residual capacity index 

with various TNT explosive masses. In order to combine the effects of the mass of TNT 

explosive and the depth of column, a non-dimensional column dimension parameter (ωTNT) is 

proposed, which is defined as the ratio of TNT explosive mass to the mass of a 1 m high concrete 

column. Fig. 15 shows that the proposed non-dimensional column dimension parameter can not 

only has the capability to combine the two parameters discussed above but also shows the same 

trend with the varying column depths. 

4.2.2. Effect of column height 

   The column damage mechanism concerning this contact blast case scenario is seen from the 

field tests conducted to be local and cross section erosion. The column height does not have any 

effect on the residual capacity index of the blast-damaged column. Instead it is controlled by the 

residual cross section area of the columns as shown in Fig. 16. 

4.2.3. Effect of explosive location 

   Fig. 17 shows the typical results of blast-damaged columns with similar TNT masses placed at 

varying locations. It can be seen that the damage is concentrated at the region where the charge 

was placed. The concrete at the damage zone has larger strain than other zones and caused it to 

spall. In addition, when the blast loading is concentrated at the 1.5 m height of column, this 

region is more flexible than the region near the column ends. Thus, under the effects of same 

amount of explosive, the strain is larger when the explosive is near the column bottom than that 

when it is at the 1.5 m column height. When the explosive is located near the column bottom, the 

rear face spalling is due to the shear rather than the direct shock-induced loading. Therefore, the 

concrete strain at the damage zone of the explosive at the 1.5 m column height scenario is 

smaller, which results in less concrete spalling and more of the cross section remaining as 

compared with the explosive near the column bottom scenario. Fig. 18 shows the effect of 

explosive location on the residual capacity index of blast-damaged columns. The dotted lines 

denote analytical results, while the solid lines represent the fitted trend lines. 

4.2.4. Effect of axial load ratio 

   Axially applied service loads were applied onto the column prior to the occurrence of the blast 

incident. These service loads will influence the behavior of the column under blast condition. In 

this study, the axial load ratio is varied from 0.2 to 0.4. According to the P-M interaction curve 

of an RC column, additional axial load will influence the moment capacity of the member. 

Moreover, the shear strength of an RC column can be increased by increasing its axial load. 

These phenomena are reflected clearly in the residual capacity index of the blast-damaged 

columns, as shown in Fig. 19. 

4.2.5. Effect of transverse reinforcement ratio 

   The desired ductile flexural behavior can only be developed when shear capacity exceeds 

flexural capacity. The ductility of a column depends on the amount and distribution of transverse 

reinforcement within the plastic hinge region. The shear strength of a column can be increased 

by increasing its transverse reinforcement ratio. An increase in transverse reinforcement ratio of 



a column was also improved its bending capacity by providing additional confinement to the 

core concrete and supplementary lateral restraint against buckling of the longitudinal 

reinforcement. 

   The restraint provided from transverse reinforcement within RC columns is vital where cracks 

have formed and most of the tensile and flexural capacity has been lost but still requiring the 

member to resist the compressive force before ductile tension failure of the longitudinal 

reinforcement occurs. Therefore, the transverse reinforcement is expected to have a significant 

influence on the failure mode and its respective blast resistance of columns subjected to blast 

loads. Fig. 20 shows the effect of transverse reinforcement ratio on the residual capacity index of 

the blast-damaged columns. The results show that the residual capacity index of blast-damaged 

column with low transverse reinforcement ratio is significantly less than that of a column with 

high transverse reinforcement ratio. 

4.2.6. Effect of longitudinal reinforcement ratio 

   It is usually assumed that the longitudinal reinforcement would be able to support a portion, 

limited by its buckling or plastic capacity, of the axial load. In most cases the column collapse is 

related to the increase of axial load carried by the longitudinal reinforcing bars up till the 

complete deterioration of its compressive strength carrying capacity. An increase in longitudinal 

reinforcement ratio provides additional axial load carrying capacity to the column and only 

limited contribution to its shear strength. Fig. 21 shows the effect of longitudinal reinforcement 

ratio on the residual capacity index of the blast-damaged columns. The results indicate that 

increasing longitudinal reinforcement ratio does not affect the blast-damaged level of the column 

and only provides limited contribution to improve its residual axial capacity. 

4.2.7. Empirical equations for determining the residual capacity index of blast-damage RC 

columns 

   The parametric study revealed the significance of parameters that affect the residual axial 

capacity of the blast-damaged RC column. Two empirical equations based on the non-

dimensional column dimension parameter were derived through multivariable regression 

analysis in terms of various parameters to predict the residual capacity index. The empirical 

equation for the case scenario where the TNT explosive is located at the bottom of column is 

expressed as follows: 

 
   The other empirical equation for the case scenario where the TNT explosive is located at a 

height of 1.5 m from the footing of column is expressed as follows: 

 
   The ωTNT of Eq. (12) and Eq. (13) is less than 0.04. A few examples presenting the 

comparison of the empirical equations with the analytical results are shown in Fig. 22. The 

dotted lines denote the analytical results, and the solid lines represent the empirical equations. It 

is observed that for most of the cases, the empirical equations provided an almost similar 

prediction as the analytical results. 

 

 



5. Conclusions 

   The following conclusions were drawn based on the results from the numerical simulation 

study: 

- An increase in column depth results in more concrete area and a larger cross section modulus, 

which in turn improves both shear and bending strength of the column. As such, a column with a 

larger depth will suffer milder damage from blast loads and be able to sustain higher axial loads 

in its post-blast state. 

- The analytical results show that the column height does not affect the blast response of 

columns. 

- The service axial load applied on to the column prior to it being damaged by the blast loads. It 

would affect the behavior of the column when subjected to blast pressures. A column with higher 

axial load ratio can increase its shear strength so that the damage due to blast load is milder. 

Therefore, a column with higher axial load ratio can retain more residual axial capacity. 

- Increasing the transverse reinforcement ratio will greatly increase the shear capacity of the RC 

column. It will also improve the bending capacity of the column because it provides confinement 

to the core concrete and lateral restraint against buckling of the longitudinal reinforcement. The 

analytical results show that the residual capacity index of blast-damaged RC column with low 

transverse reinforcement ratio is significantly less than that of the blast-damaged RC column 

with high transverse reinforcement ratio. 

- An increase of the longitudinal reinforcement ratio can cause significant increase in the bending 

strength of the RC column, but however only makes a little contribution to its shear strength. The 

analytical results indicate that increasing longitudinal reinforcement ratio has limited 

contribution to improve residual axial capacity. 

- The damage zone of the explosive is located at a height of 1.5 m from the footing of column 

which is more flexible than the case when the explosive is located at the bottom of column. 

Therefore, the first case shows milder damage and allows the column to retain more residual 

axial capacity. 

- Two empirical equations were derived by fitting the analytical results in terms of various 

parameters to predict the residual capacity index based on a non-dimensional column dimension 

parameter. The comparisons of the empirical equations with analytical results and the 

distribution of error index show that the empirical equations are able to represent the tendency of 

variation of the parameters. Given that the equation was formulated based on only two 

experiments and would require a further range of tests to fully validate the procedure. However, 

it can be used to provide validations of a qualitative nature. 
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(a) TNT is located at the bottom of column. (b) TNT is located at a height of 1.5 

m from the footing of column. 

Fig. 17 Damage profile of RC column [RC61 with 25 kg TNT charge and ALR = 0.2]. (a) 

TNT is located at the bottom of column. (b) TNT is located at a height of 1.5 m 

from the footing of column 

Fig. 18 Effect of explosive location on the residual capacity index of blast-damaged 

columns. 

Fig. 19 Effect of axial load ratio on the residual capacity index of blast-damaged 

columns. (a) TNT is located at the bottom of column. (b) TNT is located at a 

height of 1.5 m from the footing of column. 

Fig. 20 Effect of transverse reinforcement ratio on the residual capacity index of blast-

damaged columns. (a) TNT is located at the bottom of column. (b) TNT is located 

at a height of 1.5 m from the footing of column. 

Fig. 21 Effect of longitudinal reinforcement ratio on the residual capacity index of blast-

damaged columns. (a) TNT is located at the bottom of column. (b) TNT is located 

at a height of 1.5 m from the footing of column. 

Fig. 22 Comparison of analytical results with the empirical equations. (a) TNT is located 

at the bottom of column. (b) TNT is located at a height of 1.5 m from the footing 

of column. 
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