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ABSTRACT 

Blast loads pose a major challenge in the design of reinforced concrete 

(RC) structures due to their high intensity and short duration. Although 

considerable research has examined the blast behavior of RC members, 

the combined influence of geometric properties and reinforcement 

detailing has not been comprehensively assessed. This study 

numerically investigates the effects of four key parameters, namely 

column cross-sectional dimensions, longitudinal reinforcement ratio, 

stirrup spacing, and Cross-Tie arrangement, on the performance of RC 

columns subjected to contact explosions. A 3D finite element model was 

developed in LS-DYNA, validated against experimental data, and then 

used in an extensive parametric study. The results showed that 

increasing stirrup spacing from 75 to 225 mm increased the maximum 

column deformation by up to 49.7%. Incorporating Cross-Ties at 75 mm 

spacing reduced deformation by 40.1% compared with columns without 

Cross-Ties; however, their effectiveness diminished when stirrup 

spacing exceeded 150 mm. In addition, increasing the column size from 

40×40 cm to 60×60 cm, and the longitudinal reinforcement ratio from 

1.0% to 2.5%, more than doubled the TNT charge required to cause 

complete failure. Overall, closely spaced stirrups (≤75 mm), Cross-Ties 

(≤150 mm), larger cross-sections, and higher reinforcement ratios were 

found to significantly improve the blast resistance of RC columns 

subjected to contact explosions. 
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Introduction  

Over the past few decades, accidental explosions, terrorist attacks, and military threats have become critical concerns 

for structural engineers seeking to ensure the safety and robustness of essential infrastructure. Due to their highly 

impulsive nature, short duration, and extreme intensity, blast loads generate structural responses that differ 

considerably from those produced by conventional static or dynamic actions, often resulting in severe local damage or 

progressive collapse. Among structural systems, reinforced concrete (RC) structures are particularly exposed to such 

hazards because of their extensive use in military installations, industrial facilities, and transportation networks. 

Consequently, understanding the response of RC members subjected to blast loading and identifying effective 

approaches for improving their blast resistance have become major research priorities. 

Previous investigations have shown that the blast response of RC members is governed by several interacting 

factors, including explosive charge characteristics, stand-off distance, loading rate, material properties, and 

reinforcement configuration [1]. Although flexural behaviour is commonly regarded as the dominant failure 

mechanism in RC beams under dynamic loading, research has indicated that increases in loading rate, section depth, 

or longitudinal reinforcement ratio, as well as reductions in concrete strength, may promote a transition from ductile 

flexural behaviour to brittle shear failure [2]. From a structural safety standpoint, this transition is particularly critical 

because shear failure is generally accompanied by reduced energy dissipation capacity and limited warning before 

collapse. 

To better understand the behaviour of RC members under blast actions, extensive experimental and numerical 

studies have been conducted. Lin et al. [3] employed LS-DYNA simulations to investigate blast-loaded RC panels and 

assessed the influence of blast intensity and geometric characteristics on structural performance. Experimental work 

by Magnusson and Hallgren [4] revealed substantial differences between the failure mechanisms observed under blast 

and quasi-static loading conditions. While all tested beams failed in flexure under static loading, several blast-loaded 

specimens exhibited shear-dominated failure. Their study also highlighted the apparent strength enhancement 

associated with the high strain rates generated during blast events. Jiang et al. [5] numerically examined RC beams 

subjected to impact loading, whereas Fang et al. [6] demonstrated the significant contribution of strain-rate effects to 

the blast resistance of RC beams. In addition, Yi et al. [7] reported that using high-strength concrete can markedly 

improve the resistance of RC members to blast-induced damage . 

More recently, research has expanded toward composite structural systems and advanced construction materials. 

Xiao et al. [14] investigated steel–concrete composite beams subjected to contact explosions and found that concrete 

was responsible for dissipating more than 94% of the internal energy, thereby governing the overall damage-mitigation 

mechanism, while the influence of shear connector type remained relatively limited. Faglar et al. [15] studied steel and 

steel–concrete composite columns under simultaneous axial loading and contact explosions, concluding that ultra-

high-performance fibre-reinforced concrete (UHPFRC) effectively suppresses local buckling and enhances blast 

resistance. Nevertheless, excessive axial loads were shown to aggravate blast damage by generating high initial stress 

levels within the concrete. Likewise, Zhu et al. [16] demonstrated that even moderate reinforcement corrosion can 

significantly reduce the residual capacity of RC bridge columns following blast events. 

In parallel with experimental and numerical developments, considerable attention has been directed toward 

analytical and data-driven prediction methods. Yang et al. [17,18] proposed a dimensional-analysis-based approach 

for estimating longitudinal reinforcement deformation in RC beams subjected to contact explosions and later developed 

a three-stage analytical framework capable of predicting the extent of localised damage zones with satisfactory 

accuracy. Furthermore, advances in machine learning have introduced new opportunities for evaluating blast-resistant 

structures. Zhu et al. [19] developed a probabilistic prediction model based on the NGBoost algorithm for estimating 

the displacement response of RC columns, achieving a coefficient of determination of 0.93 while simultaneously 

accounting for uncertainties in experimental datasets. Salim et al. [20] compared several concrete constitutive models 

available in LS-DYNA and reported that the K&C model (MAT_072R3), when strain-rate effects are considered, 

provides the most reliable predictions of both peak and residual displacements. In another study, Li et al. investigated 

steel-fibre-reinforced concrete beams under static, impact, and blast loading conditions and observed that although 

steel fibres improve both energy absorption and load-carrying capacity, brittle shear failure may still develop in the 

absence of transverse reinforcement. Their results emphasised the importance of combining adequate stirrup 

reinforcement with an optimum fibre dosage to maximise structural performance . 

Despite the substantial advances achieved in blast-resistant structural design, a review of the existing literature 

indicates that most studies have concentrated on parameters such as charge weight, stand-off distance, material 

strength, and constitutive modelling. Comparatively less attention has been devoted to the combined effects of 

geometric properties and reinforcement detailing on blast performance. In particular, the influence of column cross-

sectional dimensions, longitudinal reinforcement ratio, stirrup spacing, and crosstie configuration on blast resistance 

and failure mechanisms remains insufficiently understood. Since these parameters directly affect stiffness, ductility, 

confinement efficiency, energy dissipation capacity, and stress distribution within the member, a comprehensive 

evaluation of their roles is essential for improving structural resilience against blast loading.
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To address these research gaps, the present study conducts a systematic numerical investigation of square RC columns 

subjected to contact explosions. A three-dimensional finite element model was first developed in LS-DYNA and 

validated using reliable experimental data. Subsequently, an extensive parametric study was performed to quantify the 

effects of four principal variables, namely column cross-sectional dimensions, longitudinal reinforcement ratio, stirrup 

spacing, and crosstie reinforcement arrangement (Figure 1), on the blast response and damage characteristics of RC 

columns. 

 

Figure 1. Flowchart of research. 

Numerical modelling 

The numerical analyses conducted in this study were performed using LS-DYNA [8], a finite element software 

extensively applied to simulate structural behaviour under extreme dynamic loading conditions involving large 

deformations, impact effects, and blast loads. Owing to its robust capabilities in capturing high-strain-rate phenomena, 

LS-DYNA has been widely validated and successfully employed in numerous blast-resistance investigations [14]. For 

numerical models with intricate geometrical configurations, external software such as SolidWorks and HyperMesh13 

can be employed to facilitate geometry generation and mesh preparation. In this approach, the structural geometry is 

initially developed in SolidWorks and exported as a .STEP file. The geometry is subsequently imported into 

HyperMesh13, where the discretisation process is carried out. After mesh generation, the model is saved in .k format 

and transferred to LS-DYNA for the assignment of material properties, boundary conditions, loading scenarios, and 

analysis controls. In the current study, the relatively complicated configurations of the stirrups and crosstie 

reinforcements necessitated the use of the aforementioned modelling procedure. Conversely, the air domain, concrete 

body, explosive charge, and longitudinal reinforcement bars were generated and meshed directly within the LS-DYNA 

environment. 

Numerical Model Details 

To establish the reliability of the numerical methodology, the experimental program reported by Zhao et al. [9] was 

first reproduced numerically, and the predicted responses were compared with the corresponding test results. In their 

experimental investigation, the local damage behaviour of a full-scale reinforced concrete beam subjected to contact 

explosions generated by TNT charges ranging from 1 to 6 kg was examined. A photograph of the tested specimen is 

shown in Figure 2(a), whereas its geometric characteristics and reinforcement layout are presented in Figure 2(b). The 

tested beam had a span length of 6.6 m and a rectangular cross-section measuring 500×350 mm (height×width). 

Longitudinal reinforcement was provided using deformed AIII steel bars with diameters of 12, 14, 20, and 22 mm and 

a yield strength of 400 MPa. The transverse reinforcement consisted of 8 mm diameter deformed AIII bars possessing 

the same yield strength. The concrete compressive strength was 30 MPa, and a cubic TNT charge was positioned at 

the beam midspan to generate the contact explosion loading.
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(a) 

 

(b) 

Figure 2. (a) Photograph of the reinforced concrete beam specimen tested in Ref. [9]; (b) Reinforcement arrangement of the 

reinforced concrete beam in Ref. [9]. 

The numerical model was developed in the software environment using the same dimensions and specifications as the 

experimental specimen and consisted of the air domain, explosive charge, concrete, longitudinal reinforcements, and 

transverse reinforcements (Figure 3). Consistent with the experimental setup, the explosive charge was positioned at 

the midspan of the beam and initiated using a single-point detonation scheme (Figure 3(a)). The surrounding air was 

modeled within a sufficiently large domain to encompass the entire damage region; however, to improve computational 

efficiency, the air located outside the expected damage zone was excluded from the model (Figure 3(b)). The 

reinforcement arrangements in the longitudinal and transverse sections are illustrated in Figure 3(c). All components, 

including the concrete, reinforcements, explosive material, and air, were modeled using Solid164 elements with a mesh 

size of 15×15×15 mm. 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

Figure 3. (a) Reinforced concrete beam and TNT explosive charge; (b) Air domain surrounding the beam and TNT explosive 

charge; (c) Reinforcement arrangement along the beam longitudinal direction and within its cross-section . 
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Material Constitutive Models 

The accuracy of blast-response simulations depends heavily on the proper selection of constitutive formulations 

for both structural components and the surrounding media. Accordingly, suitable material models were assigned to 

each component of the numerical model to ensure a realistic representation of their behavior under extreme dynamic 

loading. In this study, TNT was represented using the MAT_HIGH_EXPLOSIVE_BURN material model coupled with 

the EOS_JWL equation of state. The JWL equation characterises the thermodynamic behavior of detonation products 

by relating pressure to the relative volume and internal energy of the explosive gases. Based on this relationship, the 

pressure generated during the detonation process can be calculated as expressed in equation (1). 

(1) 𝑝 = 𝐴 (1 −
𝜔𝜂

𝑅1
) 𝑒

−
𝑅1
𝜂 + 𝐵 (1 −

𝜔𝜂

𝑅2
) 𝑒

−
𝑅2
𝜂 + 𝜔𝜂𝐸 

In equation (1), η represents the ratio between the density of the detonation products and the initial density of the 

explosive. At the same time, E denotes the specific internal energy of the explosive material. The parameters A, B, R1, 

R2, and ω are empirical constants obtained through calibration and are available within the default LS-DYNA material 

database. The surrounding air was simulated using the MAT_NULL material model in combination with the 

EOS_LINEAR_POLYNOMIAL equation of state. 

The behavior of the longitudinal and transverse reinforcement systems, including stirrups and Cross-Ties, was 

described using the MAT_PLASTIC_KINEMATIC material model. Owing to its ability to capture metal behavior under 

high-strain-rate loading, this constitutive formulation accounts for both isotropic and kinematic hardening mechanisms. 

It has been extensively applied in impact and blast analyses. Among all modeled materials, concrete exhibits the most 

complex mechanical response. Therefore, the MAT_CONCRETE_DAMAGE_REL3 material model was adopted to 

represent its behavior. This formulation was specifically developed for dynamic loading applications and incorporates 

strain-rate sensitivity through dynamic increase factors. In addition, it can reproduce concrete plasticity, damage 

accumulation, stiffness degradation, and post-peak softening within a unified framework. The suitability of this model 

for simulating concrete structures subjected to blast loads has been demonstrated in several previous investigations 

[10-12]. 

The principal material properties required for the numerical simulations, including density, elastic modulus, yield 

strength, concrete compressive strength, and TNT characteristics, were selected according to the experimental data 

reported by Zhao et al. [9] and the recommendations provided in the LS-DYNA documentation. These parameters are 

listed in Table 1. All remaining material constants were retained at their default software values. 

Table 1. Material Model Parameters Employed in the Numerical Simulations 

Value Unit Parameter Material Constitutive Model Material 

7860 
𝑘𝑔

𝑚3 Density 

MAT_PLASTIC_KINEMATIC 

Longitudinal and 

Transverse 

Reinforcements 

200 𝐺𝑃𝑎 Elastic Modulus 

0.3 − Poisson's Ratio 

400 𝑀𝑃𝑎 Yield Strength 

2200 
𝑘𝑔

𝑚3 Density 

MAT_CONCRETE_DAMAGE_REL3 Concrete 30 𝑀𝑃𝑎 Compressive Strength 

0.25 − Poisson's Ratio 

0.1 − Failure Strain 

1.29 
𝑘𝑔

𝑚3 Density MAT_NULL Air 

1630 
𝑘𝑔

𝑚3 Density 

MAT_HIGH_EXPLOSIVE_BURN 
TNT Explosive 

Material 6930 
𝑚

𝑠
 Detonation Velocity 

21 𝐺𝑃𝑎 Detonation Pressure 
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It should be emphasized that an Arbitrary Lagrangian–Eulerian (ALE) formulation was adopted in the numerical 

model. Accordingly, the concrete body, surrounding air, and explosive charge were represented using Eulerian 

elements, whereas the longitudinal reinforcement, stirrups, and Cross-Tie reinforcements were discretized with 

Lagrangian elements. The coupling between the Eulerian and Lagrangian regions was established through the 

CONSTRAINED_LAGRANGE_IN_SOLID algorithm, a technique that has been extensively applied in blast and impact 

simulations to accurately transfer forces and deformations across interacting domains [13]. Moreover, to ensure 

realistic interaction among the reinforcement components and to eliminate potential numerical interpenetration during 

the analysis, contact definitions were assigned between the longitudinal bars, stirrups, and Cross-Tie reinforcements 

using the CONTACT_AUTOMATIC_SURFACE_TO_SURFACE contact algorithm. 

Model Validation 

Following the development of the finite element model based on the experimental program of Zhao et al. [9], the 

numerical simulations were carried out using the LS-DYNA explicit solver with a total analysis time of 20 ms. To 

assess the accuracy of the proposed modeling approach in reproducing blast-induced damage, four loading scenarios 

corresponding to TNT charge weights of 1, 2, 3, and 4 kg were considered. The predicted damage patterns obtained 

from the numerical simulations were subsequently compared with the available experimental results. A comparison 

between the numerical and experimental observations is provided in Figure 4 and Table 2, enabling an evaluation of 

the model's ability to capture the extent and characteristics of damage under different blast intensities. 

(a) 

 

(c) (b) 

  

Figure 4. (a) Failure pattern of the numerically modelled reinforced concrete beam after detonation of a 4 kg TNT charge; (b) 

Comparison between the numerical and experimental damage patterns reported in Ref. [9] for a 1 kg TNT charge; (c) 

Comparison between the numerical and experimental damage patterns reported in Ref. [9] for a 4 kg TNT charge . 

As shown in Figure 4(b), the beam subjected to a 1 kg TNT charge experienced only minor localized damage near the 

contact region. The numerical prediction closely matches the experimental observations reported by Zhao et al. [9], 

accurately capturing both the position and severity of the damaged area. With an increase in the charge weight to 4 kg 

(Figure 4(c)), a substantial escalation in structural damage is observed, characterized by a larger blast crater and the 

propagation of more pronounced cracking along the side and soffit surfaces of the beam. The numerical model 

successfully reproduces these damage characteristics and the overall failure mechanism documented in the 

experimental study [9]. In addition, the global deformation and failure pattern predicted for the beam subjected to the 

4 kg TNT charge are presented in Figure 4(a). 
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Table 2. Comparison of Concrete Damage Zone Lengths Obtained from Numerical Simulations and Experimental Results in 

Ref. [9]. 

Explosive 

Charge Weight 

(kg) 

Charge 

Dimensions 

(mm) 

Front surface beam damage 

in lab model (cm) 

Front surface beam damage 

in numerical model (cm) 

Relative Error 

(%) 

1 125×50×100 52.4 49.3 5.91 

2 125×100×100 82.8 80.4 2.89 

3 150×125×100 91.7 84.3 8.06 

4 200×125×100 106.5 99 7.04 

These comparisons indicate that the developed numerical model can simulate both the extent and the failure 

characteristics of reinforced concrete beams subjected to contact explosions with satisfactory accuracy. Accordingly, 

the adopted modelling procedure, selected material constitutive models, Eulerian–Lagrangian coupling approach, and 

mesh discretisation scheme were deemed appropriate. Therefore, the validated numerical model is considered reliable 

for conducting the subsequent parametric studies. 

Results and Discussion 

Following the validation process, the numerical model was extended to investigate the response of a full-scale square 

reinforced concrete column measuring 500×500 mm in cross-section and 2500 mm in height. The column was 

subjected to a belt-type explosive charge with a constant TNT weight of 10 kg. As illustrated in Figure 5, the 

longitudinal reinforcement layout was maintained unchanged throughout the analyses and consisted of sixteen 22 mm 

diameter bars, corresponding to a reinforcement ratio of 2.5%. Moreover, 10 mm diameter bars were adopted for both 

the stirrups and Cross-Tie reinforcements. The explosive charge was uniformly distributed around the column 

perimeter in a belt configuration. At the same time, the surrounding air domain was explicitly included in the finite 

element model to represent blast-wave propagation accurately. This phase of the study focused primarily on evaluating 

the effects of transverse reinforcement detailing, particularly stirrup spacing and Cross-Tie arrangement, on the 

structural performance of the column  .To achieve this objective, eight numerical configurations were developed based 

on the reinforcement layouts presented in Table 3 and Figure 6. These configurations were classified into three 

categories. The first category comprised columns without Cross-Tie reinforcement and with stirrup spacings of 75, 

150, and 225 mm (Columns 1, 5, and 7). The second category included specimens with a fixed stirrup spacing of 75 

mm and varying Cross-Tie spacings of 75, 150, and 225 mm (Columns 2, 3, and 4). The third category consisted of 

columns in which the stirrup and Cross-Tie spacings were identical and equal to 75, 150, and 225 mm (Columns 2, 6, 

and 8). The response parameter selected for comparison was the maximum lateral displacement of the longitudinal 

reinforcement at the column mid-height. The corresponding results are summarised in Figures 7(a)–7(c) and Tables 4-

1 to 4-3. 
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(a) 

 
(b) 

    

Rebar modeling Concrete modeling Explosive material modeling Air modeling 

Figure 5. (a) Arrangement of longitudinal, transverse, and Cross-Tie reinforcements; (b) View of the different components of 

the reinforced concrete column model subjected to a contact explosion. 

Examination of the results for the columns without Cross-Tie reinforcements (Figure 7(a) and Table 4-1) indicates 

that increasing the stirrup spacing from 75 mm to 150 mm and subsequently to 225 mm increases the maximum 

deformation from 17.7 mm to 21.2 mm and 26.5 mm, respectively. These increases of 19.7% and 49.7% are attributed 

to the critical role of stirrups in providing lateral confinement for the concrete core and lateral restraint for the 

longitudinal reinforcement bars. As the stirrup spacing increases, the effective buckling length of the longitudinal bars 

becomes larger, resulting in greater deformation demands . 

For the columns with a constant stirrup spacing of 75 mm (Figure 7(b) and Table 4-2), the inclusion of Cross-Tie 

reinforcements significantly reduces deformation. Specifically, when Cross-Ties are provided at a spacing of 75 mm 

(Column 2), the maximum deformation decreases to 10.6 mm, representing a 40.1% reduction compared with the 

column without Cross-Ties (Column 1). Increasing the Cross-Tie spacing to 150 mm and 225 mm results in maximum 

deformations of 12.3 mm and 15.8 mm, respectively, indicating a gradual reduction in the restraining effectiveness of 

the Cross-Ties at larger spacings. 

This behavior can be attributed to the fact that Cross-Tie reinforcements connect the intermediate longitudinal bars 

and to the stirrups, thereby reducing the effective buckling length of the longitudinal reinforcement and increasing the 

overall flexural stiffness of the reinforcement cage. However, as the spacing between Cross-Ties increases, the 

unsupported length of the intermediate longitudinal bars becomes larger, leading to a reduction in the effectiveness of 

the Cross-Ties. 

 

 

 

 

 

 



 

 

9 

 

Table 3. Specifications of the Reinforced Concrete Columns Modeled with Different Configurations of Transverse 

Reinforcements (Stirrups) and Cross-Tie Reinforcements. 

Cross-Tie Reinforcement Spacing (mm) Transverse Reinforcement (Stirrup) Spacing (mm) Column No. 

--- 75 1 

75 75 2 

150 75 3 

225 75 4 

--- 150 5 

150 150 6 

--- 225 7 

225 225 8 
 

        
 (8) (7) (6) (5) (4) (3) (2) (1) 

Figure 6. Numerical models were developed to investigate different configurations of transverse reinforcements (stirrups) and 

Cross-Tie reinforcements. 

A particularly important observation is the strong dependence of the effectiveness of Cross-Tie reinforcements on 

stirrup spacing, which is clearly illustrated in Figure 7(c) and Table 4-3. In Column 2, where both stirrups and Cross-

Ties are spaced at 75 mm, the minimum deformation of 10.6 mm was recorded. When the spacing of both stirrups and 

Cross-Ties was simultaneously increased to 150 mm (Column 6), the deformation increased to 18.1 mm, corresponding 

to a 70.7% increase. A further increase in both spacings to 225 mm (Column 8) resulted in a deformation of 25.0 mm, 

representing a 135.8% increase. In other words, when the stirrups are not sufficiently closely spaced (i.e., at spacings 

of 150 mm or 225 mm), Cross-Tie reinforcements alone are unable to prevent the overall buckling of the longitudinal 

reinforcement bars. This phenomenon can be attributed to the fact that Cross-Ties require adequate lateral support to 

provide effective restraining forces, and such support is supplied by the stirrups. At larger stirrup spacings, the distance 

between restraint points increases, causing the Cross-Ties to lose their ability to control local buckling effectively . 

Therefore, optimal design against contact explosions requires the use of closely spaced stirrups (maximum spacing of 

75 mm) within critical regions, combined with Cross-Tie reinforcements spaced at no more than 150 mm. Such a 

reinforcement arrangement can effectively restrain the buckling of longitudinal reinforcement bars while minimizing 

the permanent deformation of the column.
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(b) (a) 

 

(c) 

Figure 7. (a) Effect of transverse reinforcement (stirrup) spacing on the deformation of longitudinal reinforcement bars; (b) 

Effect of Cross-Tie reinforcement spacing on the deformation of longitudinal reinforcement bars; (c) Combined effect of 

transverse reinforcement and Cross-Tie reinforcement spacing on the deformation of longitudinal reinforcement bars. 
 

Table 4-1. Maximum Deformation (mm) of Columns without Cross-Tie Reinforcements. 

Relative Increase in 

Deformation (%) 

Maximum 

Deformation (mm) 

Stirrup Spacing 

(mm) 

Cross-Tie Spacing 

(mm) 
Column No. 

--- 17.7 75 --- 1 

19.7 21.2 150 --- 5 

49.7 26.5 225 --- 7 

Table 4-2. Maximum Deformation of Columns with Constant Stirrup Spacing of 75 mm and Variable Cross-Tie Spacing. 

Relative Increase in 

Deformation (%) 

Maximum 

Deformation (mm) 

Stirrup Spacing 

(mm) 

Cross-Tie Spacing 

(mm) 
Column No. 

--- 10.6 75 75 2 

16.0 12.3 75 150 3 

49.0 15.8 75 225 4 
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Table 4-3. Maximum Deformation of Columns with Identical Stirrup and Cross-Tie Spacings. 

Relative Increase in 

Deformation (%) 

Maximum 

Deformation (mm) 

Stirrup Spacing 

(mm) 

Cross-Tie Spacing 

(mm) 
Column No. 

--- 10.6 75 75 2 

70.7 18.1 150 150 6 

135.8 25.0 225 225 8 

To evaluate the combined influence of column size and longitudinal reinforcement ratio on blast resistance, a 

supplementary parametric study was performed. In this investigation, the TNT charge weight was treated as the 

response variable, and the minimum explosive mass required to produce complete column failure, defined as the 

fracture of all longitudinal reinforcement bars, was determined. Figures 8(a) and 8(b) illustrate the failure mechanisms 

of the concrete and reinforcement systems under a belt-type explosive charge. The detonation generates intense 

pressures around the column perimeter, causing progressive concrete crushing and fragmentation. As damage 

propagates through the cover and core concrete, the longitudinal bars become directly exposed to the blast effects. The 

combined action of compressive and bending stresses then promotes reinforcement buckling, followed by fracture, 

ultimately leading to complete structural failure. 

 

(a) 

 

(b) 

Figure 8. (a) Concrete failure mechanism under the action of a belt-type explosive charge; (b) Reinforcement failure 

mechanism under the action of a belt-type explosive charge. 

Three square column sizes, namely 40×40, 50×50, and 60×60 cm, were examined in combination with longitudinal 

reinforcement ratios of 1.0%, 1.5%, and 2.5%. The results summarised in Figure 9 and Table 5 show that, for a constant 

cross-sectional dimension, the explosive charge required to induce complete failure increases nonlinearly with the 

reinforcement ratio. For the 50×50 cm column, increasing the longitudinal reinforcement ratio from 1.0% to 1.5% and 

2.5%, raised the required TNT charge from approximately 7 kg to 8.5 kg and 10 kg, corresponding to increases of 

21.4% and 42.8%, respectively. This trend reflects the greater resistance provided by additional longitudinal 

reinforcement, which increases the energy required for bar yielding and fracture. Furthermore, higher reinforcement 

ratios improve confinement of the concrete core, thereby delaying crushing damage and enhancing the overall blast 

resistance of the column. 
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Figure 9. Effect of longitudinal reinforcement ratio on the explosive charge weight required for complete failure of the 

reinforced concrete column. 
 

Table 5. Required Explosive Charge Weight (kg) for Different Column Cross-Sectional Dimensions and Longitudinal 

Reinforcement Ratios. 

Reinforcement Ratio 2.5% Reinforcement Ratio 1.5% Reinforcement Ratio 1.0% 
Cross-Section Dimension 

(cm) 

8.0 6.5 5.5 40×40 

10.0 8.5 7.0 50×50 

14.0 12.0 10.0 60×60 

Figure 9 further demonstrates that, for a given reinforcement ratio, larger column dimensions require substantially 

greater explosive charges to achieve complete failure. For example, at a reinforcement ratio of 1.5%, increasing the 

cross-sectional dimension from 40 cm to 50 cm and 60 cm increases the required TNT charge from 6.5 kg to 8.5 kg 

and 12 kg, corresponding to increases of 30.7% and 84.6%, respectively. The enhanced resistance of larger columns is 

primarily associated with the greater volume of concrete available to absorb and dissipate blast energy. In addition, 

thicker concrete cover delays the direct exposure of the longitudinal reinforcement to blast effects, thereby reducing 

the likelihood of premature bar failure. The results also reveal that the beneficial effect of increasing column size 

becomes more pronounced at higher reinforcement ratios, suggesting a positive interaction between these two 

parameters. Overall, the findings indicate that increasing column dimensions, particularly when combined with higher 

longitudinal reinforcement ratios, can markedly improve resistance to contact explosions. Nevertheless, the resulting 

gains in structural performance should be evaluated alongside the additional material consumption and space 

requirements associated with larger sections. 

Conclusions 

The present study aimed to conduct a comprehensive and systematic investigation into the behavior of reinforced 

concrete columns subjected to contact blast loading, with particular emphasis on the simultaneous influence of 

geometric properties and reinforcement detailing. To this end, a validated three-dimensional numerical model was 

developed in LS-DYNA. Following successful verification against experimental data, an extensive set of parametric 

analyses was performed. The main findings of this research can be summarised as follows: 

• Increasing stirrup spacing (i.e., reducing transverse reinforcement density) directly leads to a reduction in 

concrete core confinement and an increase in the effective buckling length of longitudinal reinforcement. The 

results showed that increasing stirrup spacing from 75 mm to 225 mm increases the maximum mid-height 

lateral deformation of the column by up to 49.7%. Therefore, the use of closely spaced stirrups (maximum 

spacing of 75 mm) in critical regions of blast-exposed columns is essential. 

• The addition of Cross-Tie reinforcements significantly improves flexural stiffness and resistance against 

buckling of intermediate longitudinal bars. In the optimal case (75 mm stirrup spacing), a 40.1% reduction in 

deformation was observed compared with the case without Cross-Ties. However, the effectiveness of Cross-
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Ties are strongly dependent on stirrup confinement; when stirrup spacing exceeds 150 mm, Cross-Ties alone 

are unable to prevent global buckling and their efficiency is substantially reduced. 

• The results indicate that an optimal blast-resistant design under contact explosion conditions requires a 

combination of closely spaced stirrups (maximum spacing of 75 mm) and Cross-Tie reinforcements with 

spacing not exceeding 150 mm. This configuration effectively restrains longitudinal bar buckling and 

minimizes permanent column deformations. 

• Both cross-sectional dimensions and longitudinal reinforcement ratio play a decisive role in the energy 

required for complete column failure. Increasing the cross-section from 40 to 60 cm and the reinforcement 

ratio from 1% to 2.5% results in a nonlinear and synergistic increase in the required explosive charge, 

exceeding a twofold increase. This behavior is attributed to the increased concrete volume involved in 

resisting blast loads, improved confinement, and enhanced energy absorption capacity of the reinforcement 

system. 

In general, for the optimal design of reinforced concrete columns against contact blast threats, the following strategy 

is recommended: the use of larger cross-sections (within architectural and economic constraints), relatively high 

longitudinal reinforcement ratios (up to code-allowed limits), and proper transverse reinforcement detailing, including 

stirrups spaced at a maximum of 75 mm and Cross-Ties spaced at a maximum of 150 mm. Adopting these measures 

can significantly shift the failure mechanism from brittle shear failure to ductile flexural behavior, thereby enhancing 

the energy absorption capacity and structural stability under blast loading. Nevertheless, it should be noted that 

increasing member dimensions and reinforcement ratios is associated with higher material costs and greater spatial 

requirements. Therefore, a rational balance between safety and economy must be maintained in practical engineering 

design. 
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