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Abstract: Reinforced concrete (RC) columns, being axial-bearing components in buildings, are
susceptible to damage and failure when subjected to blast loading. The failure of these columns
can trigger a progressive collapse in targeted buildings. The primary objective of this study is to
investigate the failure characteristics of laboratory-scale RC columns subjected to localized blast
loading. The columns, with a length of 1500 mm and an outer diameter of 100 mm, are reinforced with
6 mm diameter longitudinal bars and 2 mm diameter steel ties. The blast loading is generated using
an explosive-driven shock tube (EDST) positioned in front of the mid-span of the RC columns with
a 30 g and 50 g charge. To capture the global response of the RC columns, high-speed stereoscopic
DIC is used in addition to LVDTs. Furthermore, an FE model is developed using LS-DYNA R10.0
and validated against the experimental data. The results show that the proposed FE approach is able
to reproduce the applied blast loading and the failure characteristics of the columns. The relative
difference in column mid-span out-of-plane displacement between the FE model and the average
measured data lies below 5%. Finally, the gray correlation method is conducted to assess the influence
of various parameters on the blast resistance of the RC columns.

Keywords: laboratory-scale RC column; numerical analysis; blast response; high-speed stereoscopic
DIC; EDST; gray correlation method

1. Introduction

In the year 2022, the Explosive Violence Monitoring Project documented a total of
31,273 fatalities and injuries attributed to the use of explosive weapons across the globe [1].
Over the past two decades, the frequency of incidents involving explosives has increased by
a factor of five. These explosive events nearly always have a significant impact on civilian
populations and military personnel [2].

In 1995, a terrorist attack targeted the Alfred P. Murrah building, resulting in 268 fa-
talities and severe damage to adjacent structures. The blast loading originated from the
detonation of a vehicle-borne improvised explosive device (VBIED) containing approxi-
mately 1818 kg of equivalent TNT positioned near the target. This bombing caused several
non-redundant exterior RC columns to fail. The remaining structural elements were unable
to effectively redistribute the load from the upper part of the structure, and consequently,
this led to the collapse of a significant part of the building [3].

Examining structures, structural components and materials under blast loading re-
mains essential. The analysis of blast-loaded members can be conducted through three
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primary approaches: analytical, numerical and experimental. The analytical approach
involves simplified methodologies, including the single-degree of freedom (SDOF), multi-
degree of freedom (MDOF) and pressure–impulse (PI) diagrams, commonly found in [4–6].
The second approach involves performing finite element simulations, incorporating blast
load parameters obtained from empirical charts found in guidelines [4,5], Kingery and
Bulmash [7] or explicit modeling of the detonation process by using constitutive mod-
els and equations of state for both air and the specific explosive under consideration [8].
The third approach entails executing blast tests on full-scale models. The first approach
has certain limitations, including challenges in predicting specific failure modes in struc-
tural members, particularly in scenarios involving close-range explosions [9,10]. The
second approach demands important computational power and relies on calibrated or
validated material models derived from experimental testing. On the other hand, full-
scale tests necessitate expensive and sophisticated instrumentation, typically susceptible
to weather conditions [11]. In contrast to full-scale tests, laboratory-scale experiments
are more cost-effective and enable experiments to be conducted under controlled testing
conditions [12–14]. Laboratory-scale experiments can be a valuable tool for conducting
blast analyses of structures and materials.

The common method for subjecting structures to blast loading involves the unconfined
detonation of high explosives (HEs). However, in close-range explosions, factors such as
slight variations in the shape, position and quantity of the explosive charge can influence
the blast wave parameters [15,16]. Furthermore, numerous researchers have documented
challenges related to test repeatability, the non-uniform distribution of blast loading in
open-air detonations and reduced visibility arising from fireball and dust clouds [17–19].
Hence, shock tubes can serve as a substitute for open-air detonations [20,21]. A gas-driven
shock tube is composed of a cylindrical tube with two sections: a high-pressure or driver
section and an atmospheric pressure or driven section. A narrow diaphragm serves as
the separator between these two sections. The rupture of the diaphragm results in the
instantaneous expansion of the driver gas, generating a shock wave that propagates within
the driven section [22,23]. It has been noted that the rupture of the diaphragm can lack
reproducibility, giving rise to variations in the blast loading parameters [24,25].

An alternative method for generating blast loading is the explosive-driven shock
tube (EDST). Positioned between the explosive charge and the component to be loaded,
the EDST has demonstrated its utility as a laboratory-scale blast-loading tool, capable of
producing significant reflected pressure and impulse values. As part of a comparative
study, Louar et al. [11] conducted laboratory-scale experiments to investigate blast wave
generation through two methods: unconfined detonation and the explosive-driven shock
tube (EDST). The presented findings indicate that the explosive-driven shock tube (EDST)
approach achieves higher reflected pressure and impulses with smaller charges. For in-
stance, detonating a 20 g spherical charge of C4 in front of the EDST resulted in significantly
higher incident pressure (10,800 kPa) and impulse (1650 Pa.s) at the tube’s exit compared to
the values recorded for the same explosive mass at the same distance using an unconfined
detonation (1100 kPa and 380 Pa.s).

To investigate the dynamic response of laboratory-scale RC columns under blast load-
ing generated by a shock tube, three challenges need to be addressed. The first challenge is
the determination of the blast loading. The second one resides in the conception and design
of a laboratory-scale experimental setup. The third involves developing a high-fidelity
finite element model capable of capturing the interaction between the localized shock wave
and the RC column and able to accurately simulate the behavior of the laboratory-scale RC
column under blast loading.

Numerous studies have been conducted to examine the dynamic response of RC
columns under both distant and close-in explosion scenarios. Initially, an explosion is typi-
cally categorized as a close-in blast event when the scaled distance Z < 1.054 kg/m1/3 [26]
or z < 1.2 kg/m1/3 [27]. The scaled distance Z is defined as R/W1/3, where R represents
the stand-off distance or the separation between the center of the explosive charge and
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the structure, and W denotes the explosive charge mass. In the context of a close-in event,
certain researchers have conducted experiments aimed at evaluating the impact of blast and
column-related parameters on the dynamic response of RC columns. Woodson et al. [18]
conducted a series of five experiments involving quarter-scale RC columns integrated into
scaled two-story RC frames subjected to close-in explosions. The test specimens featured
a cross-section of 89 mm × 89 mm and a height of 935 mm. A hemispherical C-4 charge
weighing 7.1 kg was positioned 229 mm above the ground, with a stand-off distance of
1520 mm and 1070 mm facing the nearest exterior RC column. The findings indicate that an
increase in the scaled distance resulted in reduced damage to the test columns. Braimah
et al. [19] further explored the experimental investigation of the influence of scaled distance
and detailing of RC columns. Sixteen full-scale RC columns, consisting of both conven-
tional and seismically detailed columns. Both types of columns had a cross-section of
300 mm × 300 mm and a height of 3200 mm. These specimens were exposed to close-in
explosions generated by 100 kg and 150 kg of ANFO positioned at distances of 1100 mm,
2700 mm and 4300 mm. Comparing the results, seismic detailing leads to a higher blast-
bearing capacity of the RC columns subjected to close-in explosions compared to their
conventional counterparts. The continuous progress in finite element modeling enables
the increasingly realistic numerical modeling of RC columns under specific blast scenarios.
The experimental findings referenced in [18] have served as a validation benchmark for the
numerical work of numerous researchers [10,28,29]. The data were used to validate their
numerical models and conduct parametric analyses. The evidence indicates that parameters
such as concrete strength [30], column detailing [31–35], column dimensions [36], column
shape [31,37,38] and axial load ratio [31,39,40] significantly influence the extent of damage
in RC columns. Additionally, the impact of explosive mass, shape and scaled distance on
the damage and deformation behavior of the blast-loaded columns is also evaluated [9,31].
A significant amount of attention has been directed toward RC columns with section shapes
other than circular ones. This work aims to fill this gap in the existing literature.

A novelty of this work, in addition to prior research, lies in its development of a
laboratory-scale methodology tailored for assessing the blast behavior of circular RC
columns. This methodology integrates the use of the EDST as a laboratory blast tool
and DIC for comprehensive analysis of deformation patterns and failure mechanisms.
Furthermore, the gray relation method is adopted to evaluate the influence of various
parameters on the dynamic response of circular RC columns under EDST-generated blast
loading.

Using a validated numerical model, the present study expands the range of testing
conditions and explores the impact of a number of parameters on the blast resistance of
RC columns, i.e., the diameter of the longitudinal bars φL, the number of the longitudinal
bars nL, the diameter of the ties φt, the spacing of the ties st, the strength of the concrete sc,
the mass of the explosive charge at the entrance of the EDST me and the load eccentricity,
hr. The gray correlation method is adopted to quantify the strength of their correlation.
Numerous researchers have used this methodology across diverse fields [35,41,42].

The objectives of this paper are the following:

1. The measurement and simulation of the reflected pressure and impulse on the columns
due to the EDST-generated blast loading.

2. An investigation of the dynamic behavior of blast-loaded laboratory-scale RC columns.
3. An investigation of the sensitivity of the dynamic response of the RC columns using

the gray correlation method.

This paper is organized into five main sections. First, a detailed explanation of
the experimental setup is provided, including details about the laboratory-scale blast-
loading tool used. Then, an overview of the adopted finite element approach using the
LS-Dyna software is presented. Third, a comparison between the numerical results and the
experimental data gathered in the previous section is presented. Subsequently, a sensitivity
analysis is conducted to study the influence of the RC column and blast loading-related
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parameters on the dynamic response of the RC members. Finally, the paper concludes with
a summary of the findings.

2. Layout of the Test Setup
2.1. General Description

All the columns are tested under an EDST-generated blast loading using a spherical
C4 charge as shown in Figure 1. The explosive charges have masses of 30 and 50 g. They are
positioned at the entrance of the EDST. The charge is initiated using an electric detonator
positioned at the back of the explosive. A close-up view of the explosive charge and the
detonator is seen in Figure 1a and Figure 7a. The steel frame allows for the height of the
EDST to be controlled. The thickness of the aluminum column is selected to guarantee
enough rigidity and to avoid deformation during the reflected pressure and impulse
measurements. The EDST used in this study consists of a cylindrical steel tube with specific
dimensions: an inner diameter of 100 mm, a wall thickness of 10 mm and a length of
800 mm. To withstand the high pressure generated upon detonating the explosive mass at
the entry point, the initial 300 mm of the tube is reinforced with an additional steel tube
as shown in Figure 1a and Figure 7b. This secondary tube has a thickness of 10 mm and
an inner diameter of 135 mm. The gap between these two steel tubes is filled with steel
fiber-reinforced concrete.
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Figure 1. Experimental setup showing (a) the EDST and (b,c) the LVDTs used to capture the out-of-
plane displacement of the columns.

A steel structure is used to maintain the test column in a vertical position. Shielding
plates 1480 mm long, 1200 mm wide and 20 mm thick are placed on both sides of the
specimens. Their objective is to prevent the light flash and detonation gases from interfering
with the measurement equipment located behind the specimen. LVDTs and high-speed
stereoscopic DIC are used for the measurement of the out-of-plane displacements as shown
in Figures 1 and 2. Steel tubes with a thickness of 4 mm, exterior diameter of 40 mm
and length of 300 mm are used at both ends of the column to ensure a pinned–pinned
configuration.
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Figure 2. Experimental setup for the out-of-plane displacement measurement of the columns using
the digital image correlation technique.

Six RC columns are tested under two different blast loadings. Tests 1, 2 and 3 involve
RC columns exposed to 30 g of C4 at the entrance of the EDST, whereas tests 4, 5 and
6 involve RC columns subjected to 50 g of C4.

2.2. Description of the Test Specimens

A detailed configuration of the RC columns is shown in Figure 3. The specimens have
a circular section with a diameter of 100 mm and a height of 1500 mm. All the columns
are reinforced with 6 mm diameter longitudinal reinforcement and with 2 mm diameter
ties. These dimensions are in accordance with the literature [28,30,43–48]. The tie spacing
is indicated in Figure 3. The concrete cover has a thickness of 10 mm. The column casting
process is shown in Figure 4. The approach consists of the preparation of the reinforcement
cage, the preparation of the formwork, the mixing of the concrete components and the
pouring of the columns and the concrete blocks for compressive strength determination.
Ready-mix concrete, with the cement grade P.O. 32.5 and aggregate size ranging from 2 mm
to 8 mm, was used to cast the specimens.
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Figure 4. Column casting process: (a) preparation of the reinforcement cage, (b) preparation of
the formwork, (c) mixture of the concrete components, (d) column pouring and (e) concrete block
pouring.

2.3. Mechanical Properties of Concrete and Reinforcement Steel

To calibrate the numerical model for further simulations, quasi-static tests on concrete
and the reinforcement bars are carried out. The properties of the reinforcement steel are
obtained based on tensile tests according to NBN EN ISO 6892-1 [49].

Three tests are conducted to ensure the reproducibility of the results. The longitu-
dinal reinforcement bars have a yield strength of 650 ± 22.98 MPa, while the transverse
reinforcement has a yield strength of 443 ± 16.68 MPa. The stress–strain curves for the
steel reinforcement are shown in Figure 5. Table 1 displays the stresses and strains at the
point of yielding and the ultimate strength and rupture for each bar type. The average
uniaxial compressive strength of the concrete after curing for 28 days is 32 ± 0.45 MPa
measured using three concrete cubes of 150 mm × 150 mm × 150 mm according to NBN
EN 12390-3 [50]. The stress–strain curves for the concrete are shown in Figure 6.
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Table 1. Mechanical properties of the internal reinforcement.

Bar Diameter (mm)
Young’s

Modulus (GPa)
Yield Ultimate

Strain (-) Stress (MPa) Strain (-) Stress (MPa)

Longitudinal 6 209 ± 1.53 0.0031 ± 0.0057 650 ± 22.98 0.064 ± 0.0024 686 ± 15.28

Transverse 2 199 ± 3.11 0.0021 ± 0.0032 443 ± 16.68 0.113 ± 0.0017 513 ± 7.07
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2.4. Linear Variable Displacement Transducers (LVDTs)

The displacement at three specific positions, which are the mid-span of the RC column
and points located 150 mm at both sides of the mid-span, is measured using Solartron
linear variable displacement transducers (S-LVDTs) as shown in Figure 1. The displacement
sensors have a maximum stroke of 150 mm. They are fixed to a steel base at one end and
attached to the specimen at the other end. The sensors are labeled from top to bottom as D1,
D2 and D3, respectively, as shown in Figure 1b,c. The sensor extremity in contact with the
specimen is fixed to the column to enable the measurement of both inbound and rebound
displacements.

2.5. Displacement Measurements Using High-Speed Stereoscopic DIC

High-speed stereoscopic digital image correlation (DIC) is an optical measurement
technique based on a series of images taken by two high-speed cameras. Two synchronized
Photron Fastcam SA5 high-speed cameras are positioned in a stereoscopic configuration
facing the opposite side of the loading (Figure 2). The distance between the two high-speed
cameras and the specimen is 1500 mm. A high-contrast speckle pattern is applied to the
area of interest of the RC column facing the two cameras. Positioned at a height (h) of
600 mm, the cameras focus on the central part of the test specimens. To capture the dynamic
response of the columns, a frame rate of 20,000 fps is chosen, accompanied by a shutter
time of 30 µs. The aperture of both lenses (Nikkor 50 mm) [51] is adjusted to increase
the depth of view. This adjustment limits the amount of incoming light. The specimens
are illuminated using two high-intensity LEDs. The observed area of interest is about
157 mm × 300 mm and is imaged with 512 × 512 pixels.

3. Experimental Campaign
3.1. Blast Load Characterization

In the first phase, a 5 mm thick aluminum column with a 100 mm outer diameter and a
length of 1200 mm is used. The EDST is positioned at mid-height of the column at a distance
of 4 mm to generate the blast loading (Figure 7a). The thick-walled aluminum column is
provided with a pressure sensor as shown in Figure 7b. A high-frequency pressure sensor
(PCB QUARTZ ICP 113 B22 [52]) model is used with a sampling frequency of 1 MHz [11].

The objective of the first test campaign is to determine the reflected pressure and
impulse applied to the test specimens. To avoid damage to the pressure transducer, a
maximum quantity of 20 g of explosive charge is used in the tests.

To ensure reproducibility, three tests are conducted for each configuration. Due to the
high-frequency nature of the measurement noise, a second-order low-pass Butterworth
filter is used in MATLAB R2021a [11,53]. Figure 8 and Figure 10a show the reflected
pressures and impulses as a function of time at the position of the pressure sensor inserted
in the column for a 10 g C4 charge. The reflected pressure–time histories and impulse–time
histories for a 20 g C4 are shown in Figures 9 and 10b. These blast wave parameters locally
reproduce those of an actual explosion involving 11 kg of TNT at a stand-off distance of
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1.4 m and 36 kg of TNT at a stand-off distance of 1.6 m from the target for the case of
10 g and 20 g at the entrance of the EDST, respectively [4]. This observation underscores
the blast loading potential achievable by the EDST, even with 10 g and 20 g of C4. The
reflected overpressure–time histories shown in Figures 8 and 9 are truncated at 1.6 ms as
no discernible variation is observed beyond this point. It can be noted that the signals
obtained from the pressure sensor attached to the aluminum column contain some noise.
Considering (a) the noise in the measurement and (b) the damage of the pressure sensor
due to the high reflected pressure and impulse under 30 g and 50 g of C4, the decision is
made to use the results corresponding to the 10 g and 20 g charges to validate the numerical
model for the blast loading part.
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3.2. Blast Response of RC Columns
3.2.1. Displacement–Time Histories Using DIC Technique

Three RC columns are subjected to a blast loading generated by 30 g of C4 placed at
the entrance of the EDST. The DIC technique allows the determination of the out-of-plane
displacement field of the column within the area of interest. This displacement field is
extracted from the DIC measurements for different time frames as shown in Figure 11. For
comparison purposes, the focus will be on the out-of-plane displacement time histories of
the positions D1, D2 and D3.

Figure 12 shows the out-of-plane displacement–time histories of the columns under
blast loading. These results are extracted using the DIC technique. An average maximum
displacement of 6.6 ± 0.4 mm, 6.8 ± 0.4 mm and 6 ± 0.4 mm is recorded at positions D1,
D2 and D3, respectively. The small difference in the peak displacement at positions D1
and D3 is due to the asymmetry in the boundary conditions as shown in Figure 2. The
permanent displacements are too small to be measured physically and will be determined
numerically.
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3.2.2. Displacement–Time Histories Using LVDTs

The application of the DIC technique fails to accurately capture displacements over
time within the area of interest when detonating a 50 g of C4 at the entrance of the EDST.
This limitation arises due to the substantial formation of a fireball and smoke that obstructs
the view between the column and the two cameras. Consequently, for the case of 50 g of
C4, punctual displacement measurements are recorded using LVDTs. The experimental
data at position D2 for test 6 and at position D3 for test n◦4, test n◦5 and test n◦ 6 were not
recorded due to LVDTs malfunction. Furthermore, the LVDTs detached from the tested
columns after the first rebound phase due to the formation of cracks around the fixation
points.

It can be seen from Figure 13 that the maximum displacement of 12.6 mm and
12.4 ± 0.3 mm is recorded at positions D2 and D1, respectively. An increase of 185%
in mid-span displacement (i.e., position D2) is observed when increasing the explosive
mass from 30 to 50 g.
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3.2.3. Damage Pattern

As shown in Figure 14, hairline cracks, which are indicated using a red marker, appear
in all of the loaded columns. When comparing the set of columns in Figure 14a,b, it can be
seen that as the charge mass increases, the damage incurred to the test specimens increases.
On the backside of the columns subjected to 30 g of C4, an average of six thin flexural
cracks is observed in the central region. The average number of cracks rises to fifteen for a
50 g C4 loading. Moreover, the distribution of flexural cracks in this case spans the entire
height of the column.
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The DIC technique also allows us to quantify the damage pattern of the blast-loaded
RC column. As an example, the column of test n◦2 is selected. Figure 15 shows the
distribution of the cracks on the selected specimen. The first crack emerges at the mid-span
of the column at 0.8 ms. At 0.9 ms, two additional cracks appear. At 6.2 ms, the RC column
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reaches the maximum displacement with three cracks continuing to propagate. Next, the
RC column returns to its initial position and the cracks gradually close at 14.6 ms, as shown
in Figure 15. Two more cracks appear at 29.7 ms.
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In Figure 16a, the distribution of cracks within the area of interest is indicated after a
post-mortem analysis of the blast-loaded RC column. Six cracks are highlighted in red and
their spacing is measured. In Figure 16b, the spatial derivative of the vertical displacement
Vd is plotted as a function of the coordinate Z. Other than crack n◦6, situated out of the
area of interest, the position of the five cracks along the Z axis is identified at −164.6 mm,
−78.6 mm, −22.6 mm, 1.4 mm and 91.4 mm, respectively.
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Figure 16. Identification of the cracks on the central line of the RC column (test n◦2) using DIC.

To evaluate the damage observed in the RC columns, two parameters can be taken
into account according to UFC-3-340-02 [4]. The first parameter, i.e., the support rotation
(θ), refers to the angle between the vertical line and the line connecting the support point to
the location of maximum deflection. The second parameter, i.e., the maximum deflection
(Dmax), represents the highest recorded displacement observed at the mid-span of the
RC column. The classification of damage intensity for RC columns relies on these two
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parameters. The classification includes three levels: superficial damage (θ < 1◦), moderate
damage (1◦ ≤ θ < 2◦) and heavy damage (2◦ ≤ θ).

A good agreement is found between the damage seen in the experimental results and
the damage based on UFC-3-340-02.

Table 2 reports these two parameters, as well as the damage levels of the RC column
after the explosion.

Table 2. Experimental results of the blast-loaded RC columns.

Test n◦ Charge Mass [g] Dmax
[mm] Dmean [mm] Support Rotation θ

[◦]
UFC 3-340-02

Response Limit Failure Model

1
30

7.3
6.8 0.6 Superficial damage

Multiple thin flexural cracks
on the non-loaded side

focusing on the central area.
2 6.6
3 6.5

4
50

12.5
12.6 1.1 Moderate damage

Deep flexural cracks on the
non-loaded side along the

height of the column.
5 12.7
6 --

4. Numerical Modeling
4.1. Finite Element Approach

The RC column and its motion under the blast load are modeled using a Lagrangian
formulation. A schematic representation of the RC column is shown in Figure 17. A three-
dimensional (3-D) finite element model simulates the RC column. The analysis is conducted
using the LS-DYNA R10 explicit solver. Eight-node constant stress solid elements with
one-point quadrature integration are adopted to model the concrete, while a two-node
Hughes–Liu beam element with 2 × 2 Gauss quadrature integration is chosen for the steel
reinforcements. The wooden plates and the steel supports are discretized into eight-node
solid elements with constant stress solid element formulation. In this study, the wooden
plates and the steel supports are constrained to prevent any translational movement (x
and y directions). The bottom face of the column is also fixed to prevent vertical motion in
the z direction. The multi-material arbitrary Lagrange–Eulerian (MM-ALE) formulation is
adopted for modeling the air and explosive domains.
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4.2. Air and Explosion Modeling

The numerical simulation, using the MM-ALE method, is divided into two com-
ponents: the C4 explosive charge and the surrounding air. This simulation is further
categorized into a 2D axially symmetric model and a 3D ALE model, illustrated in Figure
20a and Figure 20b, respectively. Numerical tracers are positioned at 2 mm to monitor
pressure–time histories. The goal is to identify the optimal termination time before it
reaches the tube’s exit. The MMALE formulation was used to model both the air and
explosive domains. The explosive charge is defined by the INITIAL-VOLUME-FRACTION
keyword. For the case of the explosive material, the MAT-HIGH-EXPLOSIVE-BURN is
adopted along with an EOS. EOS-JONES-WILKINS-LEE which governs the hydrodynamic
behavior of the explosive is selected. The inputs A, B, R1, R2, ω and E, included in Equation
(1), are defined based on the explosive material.

P = A
(

1 − w
R1V

)
exp−R1V + B

(
1 − w

R2V

)
exp−R2V +

ωE
V

(1)

Table 3 displays the variables of C4 which are taken from [54].

Table 3. C4 material properties and EOS parameters.

EOS-JWL MAT-HIGH-EXPLOSIVE-BURN

A [GPa] B [GPa] R1 R2 ω E [kJ.kg−1] ϱ [kg/m3] Pcj [GPa] Dv [m/s]
609.77 12.95 4.5 1.4 0.25 9 1601 28 8193

In this approach, the air domain is designated as MAT_NULL, enabling the equation
of state (EOS) to be incorporated without the need to compute deviatoric stresses [55].

The EOS-LINEAR-POLYNOMIAL defines the air domain and allows it to act like a
fluid. The pressure P in the air element is calculated using Equation (2).

P = C0 + C1µ + C2µ2 + C3µ3 +
(

C4 + C5µ + C6µ2
)

E0 (2)

where C0, C1, C2, C3, C4, C5 and C6 are coefficients of the polynomial equation. The pressure
is calculated as a function of the specific internal energy of air E0, and variable µ = ( ρ/ρ0)
− 1, where ρ and ρ0 are the current and initial densities, respectively. The initial relative
volume is set as V0 = 1. The set of parameters assumed for air is summarized in Table 4.

Table 4. Air material properties and EOS parameters.

EOS-LINEAR-POLYNOMIAL MAT-NULL

C0 C1 C3 C4 C5
E0

[kJ.kg−1] v0
ρo

[kg/m3]
Pc

[GPa] V0 [-]

0 0 0 0.4 0.4 0.2534 1 1.29 0 1

4.3. RC Column Modeling
4.3.1. Concrete Modeling

Material type 072_Rel3 (*MAT_CONCRETE DAMAGE REL3) is used to model the
concrete parts. This model, which is the third release of the Karagozian and Case (K&C)
model, has been widely used to represent concrete behavior in RC structural elements
subjected to blast loading [10,56]. The model uses a plasticity-based methodology featuring
three shear failure surfaces and incorporates the capacity to accommodate strain rate
effects. This model includes non-linear hardening and softening, shear dilation and the
confinement effect [57]. To prevent numerical instabilities arising from excessively distorted
elements, these elements are eroded when the principal maximum strain is equal to 0.1
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introduced in the *MAT_ADD_EROSION card [58]. The input parameters for the concrete
model are presented in Table 5.

Table 5. Material properties for the MAT_072 concrete model.

Parameter Value

Mass density (kg/m3) 2255
Uniaxial compressive strength (MPa) 32

Poisson’s ratio 0.3

In the MAT_072 concrete model, the expressions presented in Comité Euro-international
du Béton CEB [59] are used to account for dynamic loading effects for concrete in compres-
sion:

DIFc =
fc

fcs
=


( .

ε.
εs

)1.026α
,

.
ε ≤ 30 s−1

γ
( .

ε.
εs

)1/3
,

.
ε > 30 s−1

(3)

where
.
εs = 30 ∗ 10−6 s−1 is the static strain rate, logγ = 6.156α − 2, α = 1

5+9( f cs /10) , fc

is the compressive strength for a given strain rate and fcs is the quasi-static compressive
strength.

For concrete in tension, Malvar and Crawford [60] proposed the following expressions:

DIFt =
ft

fts
=


( .

ε.
εs

)δ
,

.
ε ≤ 1 s−1

β
( .

ε.
εs

)1/3
,

.
ε > 1 s−1

(4)

where
.
εs = 10−6 s−1 is the static strain rate, and β = 107.11δ−2.33; δ = 1

10+8( f ts / 10) . ft is the
tensile strength for a given strain rate, and fts is the quasi-static tensile strength.

The curves shown in Figure 18 are implemented in the constitutive model.
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4.3.2. Reinforcement Modeling

Material type 024 (PIECEWISE_LINEAR_PLASTICITY) includes elastoplastic behav-
ior, allowing the specification of an engineering stress–strain curve for a designated material.
Additionally, this model uses an arbitrary strain rate curve or the Cowper–Symonds rate
enhancement feature. Detailed input parameters of this model are provided in Table 6.
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Table 6. Static material parameters for MAT_024 constitutive model.

Parameter Longitudinal Steel
Reinforcement

Transverse Steel
Reinforcement

Mass density (kg/m3) 7800 7800
Yield strength (MPa) 650 443

Young’s modulus (GPa) 210 199
Poisson’s ratio 0.33 0.33
Failure strain 6.4% 11.3%

Due to the sensitivity of most structural materials to high loading rates, it is crucial to
increase the mechanical properties of steel reinforcement under highly dynamic loading
conditions. This dynamic increase factor (DIF) quantifies the ratio of dynamic to static yield
stress. In this work, the DIF of the steel bars is as follows [61]:

DIF =

( .
ε
.
εs

)α

; α = 0.074 − 0.04
fy

414
(5)

where
.
εs = 10−4 s−1 represents the static loading,

.
ε is the strain rate of reinforcement and fy

(yield strength) is expressed in MPa. This formula is valid for strain rates between 10−4 s−1

and 225 s−1. The curve shown in Figure 19 is introduced in the constitutive model.
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4.3.3. Boundary Conditions

The steel supports are defined using material type 024 (PIECEWISE_LINEAR_ PLAS-
TICITY) as proposed in [56]. Detailed input parameters of the steel support are provided
in Table 7. To avoid unwanted damage near the supports and to prevent penetration
between the steel supports and the concrete surface during the explosion, a command
‘Automatic-Surface-to-Surface’ is applied between the supports and the specimen. The
selected values for the static and the kinematic friction coefficients are equal to 0.6 and 0.5,
respectively [62–64].

A perfect bond between the steel reinforcement and the concrete is assumed [65]. The
fluid–structure interaction (FSI) between the blast wave and the RC column is implemented
by the Constrained-Lagrange-In-Solid (CLIS) keyword with the fluid–structure coupling
method n◦5 (CTYPE 5). The implemented CLIS parameters are 5, 5, 3, 5 and 2 for the
number of coupling points distributed over each coupled Lagrangian surface segment
(NQUAD), CTYPE, coupling direction (DIREC), penalty factor (PFAC) and leakage control
(ILEAK), respectively.
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Table 7. Material parameters for MAT_024 constitutive model for steel support.

Parameter Value

Mass density (kg/m3) 7800
Yield strength (MPa) 600

Young’s modulus (GPa) 210
Poisson’s ratio 0.33
Failure strain 6%

4.3.4. Mesh Convergence

For the 2D numerical model, a mesh convergence study is conducted with five finite
element sizes, namely, 0.5 mm, 2 mm, 4 mm and 8 mm. Findings indicate convergence is
achieved at a mesh size of 1 mm. This optimal size aligns with the recommendation pro-
vided by Schwer [66]. The first simulation is terminated before the arrival of the traveling
blast wave within 2 mm from the exit of the shock tube. The subsequent simulation begins
with a larger 3D-ALE domain of a 2 mm minimum element size.

The size of the 3D-ALE domain is chosen as 440 mm × 530 mm × 300 mm, excluding
the air domain representing the EDST. This size is selected to prevent the reflection of the
blast wave when reaching the boundaries of the air domain [55]. To optimize the balance
between result precision and computational efficiency, a 10 mm mesh configuration is
selected for the RC column [45].

4.4. Comparison between the Full and Half Model

Considering (a) the spherical shape of the explosive charge, (b) the circular configura-
tion of the EDST’s cross-sectional area and (c) the axisymmetric nature of the shock tube, a
2D axisymmetric, purely Eulerian model was constructed as seen in Figure 20a. Due to the
positioning of the explosive charge at the entrance of the EDST, a considerable amount of
energy is expected to be discharged there. Therefore, an air volume with a length of 100 mm
is added at the inlet of the tube as shown in Figure 20a. A second volume is added to the
ALE domain in which the RC column is inserted as shown in Figure 20b. This chained
simulation, which is a 2D to 3D mapping technique within LS-DYNA, is implemented to
accurately predict the blast wave detonation and propagation and the interaction with the
RC column.

Before proceeding, a comparison is made between the dynamic response of a full and
a half model. The half model will be used for the parametric study. Displacement–time
histories at the positions D1, D2 and D3 are shown in Figure 21. The results emphasize
that the reduction in size of the model and the boundary conditions do not affect the blast
response of the RC column.
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5. Validation of Finite Element Modeling
5.1. Blast Loading

Figures 22 and 23 show the pressure–time histories from the experiments in compari-
son to the results of the numerical simulation. The computed reflected peak pressures are
equal to 15.3 MPa and 32.3 MPa for charges of 10 g and 20 g of C4.

In Figure 24, the numerical reflected impulses are 2.1 MPa.ms and 3.8 MPa.ms for the
10 g and 20 g explosive charges, respectively. The relative difference in the peak reflected
pressures between the finite element model and the average measured data is equal to 1.3%
and 6.6% for charges of 10 g and 20 g, respectively. Similarly, the relative difference in the
peak reflected impulses is 7.3% and 18.5%.
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Figure 24. Comparison of the reflected impulse–time histories of the column sensor for a charge of
10 g of C4 (a) and 20 g of C4 (b).

5.2. RC Column Behavior
5.2.1. Displacement–Time Histories

DIC is used to obtain the out-of-plane displacement of the RC column at positions
D1, D2 and D3. For the case of 30 g of C4, only the inbound phase is recorded during the
experiments. However, the numerical results give more details about the blast response
during the inbound and rebound phases of the specimens. A maximum displacement
of 6.6 mm, 6.9 mm and 5.8 mm is measured at D1, D2 and D3, respectively. A relative
difference of 3.3%, 1.5% and 1.5% is found at D1, D2 and D3, as shown in Figure 25. For the
case of 50 g of C4, a maximum displacement of 12.7 mm and 13.3 mm is measured at D1
and D2. A relative difference of 5.6% and 1.6% are found at D1 and D2 as seen in Figure 26.



Buildings 2024, 14, 921 20 of 28

Buildings 2024, 14, x FOR PEER REVIEW 21 of 29 
 

of 50 g of C4, a maximum displacement of 12.7 mm and 13.3 mm is measured at D1 and 
D2. A relative difference of 5.6% and 1.6% are found at D1 and D2 as seen in Figure 26. 

 
Figure 25. Displacement–time histories at positions D1, D2 and D3 for 30 g of C4. 

 
Figure 26. Displacement–time histories at positions D1 and D2 for 50 g of C4. 

5.2.2. Crack Pattern 
The damage of the RC columns is shown in Figure 27 according to the equivalent 

plastic strain using a normalized scale of 0 to 2. A value of 1 indicates that the concrete has 
just reached its peak strength, and a value between 1 and 2 shows that the concrete has 
exceeded its peak strength and is in the softening stage. Comparing the crack pattern of 
the numerical results for 30 g of C4 with the experimental results shows that the cracks 
(represented in red) are concentrated around the central area of the RC column. However, 
the numerical model also shows some cracks at one-third and two-third of the height of 
the column. For 50 g of C4, the crack pattern predicted with the numerical model corre-
sponds well with the experimental results. The assessment of damage incurred by the 
blast loading in the different scenarios is also performed through an examination of the 
total internal energy within the respective columns. The total internal energy of a column 
is defined as the sum of the internal energy of the reinforcement bars and the concrete 

Figure 25. Displacement–time histories at positions D1, D2 and D3 for 30 g of C4.

Buildings 2024, 14, x FOR PEER REVIEW 21 of 29 
 

of 50 g of C4, a maximum displacement of 12.7 mm and 13.3 mm is measured at D1 and 
D2. A relative difference of 5.6% and 1.6% are found at D1 and D2 as seen in Figure 26. 

 
Figure 25. Displacement–time histories at positions D1, D2 and D3 for 30 g of C4. 

 
Figure 26. Displacement–time histories at positions D1 and D2 for 50 g of C4. 

5.2.2. Crack Pattern 
The damage of the RC columns is shown in Figure 27 according to the equivalent 

plastic strain using a normalized scale of 0 to 2. A value of 1 indicates that the concrete has 
just reached its peak strength, and a value between 1 and 2 shows that the concrete has 
exceeded its peak strength and is in the softening stage. Comparing the crack pattern of 
the numerical results for 30 g of C4 with the experimental results shows that the cracks 
(represented in red) are concentrated around the central area of the RC column. However, 
the numerical model also shows some cracks at one-third and two-third of the height of 
the column. For 50 g of C4, the crack pattern predicted with the numerical model corre-
sponds well with the experimental results. The assessment of damage incurred by the 
blast loading in the different scenarios is also performed through an examination of the 
total internal energy within the respective columns. The total internal energy of a column 
is defined as the sum of the internal energy of the reinforcement bars and the concrete 

Figure 26. Displacement–time histories at positions D1 and D2 for 50 g of C4.

5.2.2. Crack Pattern

The damage of the RC columns is shown in Figure 27 according to the equivalent
plastic strain using a normalized scale of 0 to 2. A value of 1 indicates that the concrete has
just reached its peak strength, and a value between 1 and 2 shows that the concrete has
exceeded its peak strength and is in the softening stage. Comparing the crack pattern of
the numerical results for 30 g of C4 with the experimental results shows that the cracks
(represented in red) are concentrated around the central area of the RC column. However,
the numerical model also shows some cracks at one-third and two-third of the height of the
column. For 50 g of C4, the crack pattern predicted with the numerical model corresponds
well with the experimental results. The assessment of damage incurred by the blast loading
in the different scenarios is also performed through an examination of the total internal
energy within the respective columns. The total internal energy of a column is defined
as the sum of the internal energy of the reinforcement bars and the concrete material [65].
The total energy is equal to 78 J and 212 J under 30 g and 50 g, respectively as shown in
Figure 28. The internal energy of the steel reinforcement is observed to range between 22%
and 34% of the column’s internal energy for the two cases.
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6. Sensitivity Analysis
6.1. Gray Method

In the gray correlation method, the correlation coefficient is used to indicate the extent
of association between variables, with values ranging from 0 to 1. A coefficient closer
to 1 signifies a higher degree of correlation, while closer to 0 indicates a lower degree of
correlation [42]. The specific calculation steps for this method are outlined as follows:

(1) Selection of the sequence matrix

The parameters affecting the mid-span displacement and internal energy of the RC
column are as follows:
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• Diameter of longitudinal bar φL;
• Number of longitudinal bars nL;
• Diameter of the tie φt;
• Spacing of the transverse bars st;
• Strength of concrete sc;
• Mass of the explosive charge at the entrance of the EDST me;
• Load eccentricity hr;

These parameters are selected as the influence parameter sequence X = (X1X2 . . . Xn)
T .

The corresponding mid-span displacement total internal energy are represented as the
parent sequence Y = (Y1Y2 . . . Yn)

T and Z = (Z1Z2 . . . Zn)
T . Each parameter of series X, Y

and Z has i and j values and a matrix form as shown herein:

X=


X1
X2
...

Xi

=


X11 X12 · · · X1j
X21 X22 · · · X2j

...
...

. . .
...

Xi1 Xi2 · · · Xij

 (6)

Y=


Y1
Y2
...

Yi

=


Y11 Y12 · · · Y1j
Y21 Y22 · · · Y2j

...
...

. . .
...

Yi1 Yi2 · · · Yij

 (7)

Z=


Z1
Z2
...

Zi

=


Z11 Z12 · · · Z1j
Z21 Z22 · · · Z2j

...
...

. . .
...

Zi1 Zi2 · · · Zij

 (8)

(2) Dimensionless treatment of the matrix X, Y and Z

Matrix X is transformed based on Equation (9) for the purpose to render it dimension-
less [41].

X′
i =

Xi − min(Xi)

max(Xi)− min(Xi)
(9)

where X′
i is dimensionless data of ith simulation. Similarly, matrices Y and Z are trans-

formed using the same equation.

(3) Difference sequence matrix

The difference sequence matrix ∆X−Y is calculated following Equation (10). The
maximum and minimum values are then determined using Equation (11).

∆ij
X−Y =

∣∣∣Y′
ij − X′

ij

∣∣∣ ; ∆ij
X−Z =

∣∣∣Z′
ij − X′

ij

∣∣∣; (10)∆max
X−Y = max

(
∆ij

X−Y

)
∆min

X−Y = min
(

∆ij
X−Y

) ;

∆max
X−Z = max

(
∆ij

X−Z

)
∆min

X−Z = min
(

∆ij
X−Z

) ; (11)

(4) Gray correlation coefficient

The gray relational coefficient is computed using Equation (12):

δ
ij
X−Y =

∆min
X−Y − ξ∆max

X−Y

∆ij
X−Y − ξ∆max

X−Y

; δ
ij
X−Z =

∆min
X−Z − ξ∆max

X−Z

∆ij
X−Z − ξ∆max

X−Z

(12)

where δ
ij
X−Y and δ

ij
X−Z are the gray relational coefficient, and ξ is the identification coefficient

that varies between 0 and 1, and it is generally chosen as 0.5 [35,42,67].



Buildings 2024, 14, 921 23 of 28

(5) Determination of the gray relational grade

Finally, the gray relational grade χ is calculated using Equation (13):

χi
X−Y =

1
n

n

∑
i=1

δi
X−Y ; χi

X−Z =
1
n

n

∑
i=1

δi
X−Z (13)

where χi
X−Y and χi

X−Z are the gray relational grades of the ith simulation, and n is the
total number of variations.

The correlation value falls within the range of [0, 1], with higher values indicating
greater sensitivity of the influencing parameter to the reference sequence.

6.2. Study of the Variables

In this study, the parameters indicated in Section 6.1 are varied in order to determinate
their influence on the dynamic response of the RC column under localized blast loading as
shown in Tables 8 and 9.

Table 8. Parametric study with respect to column and blast loading-related parameters.

FE Model φL [mm] nL φt [mm] st [mm] sc [MPa] me [g] hr

1 6–8–10–12 4 2 185 30 50 1
2 8 4–6–8–10 2 185 30 50 1
3 8 4 2–4–6–8 185 30 50 1
4 8 4 2 148–185–246–370 30 50 1
5 8 4 2 185 20–30–40–50 50 1
6 8 4 2 185 30 40–50–60–70 1
7 8 4 2 185 30 50 0.5–1–1.33–1.5

Table 9. Influence of the chosen parameters on the mid-span displacement and the internal energy of
the RC column based on gray relational grade.

Mid-Span Displacement of the RC Column

φL [mm] nL φt [mm] st [mm] sc [MPa] me [g] hr

0.51 0.55 0.41 0.86 0.49 0.78 0.69

Internal Energy of the RC column

φL [mm] nL φt [mm] st [mm] sc [MPa] me [g] hr

0.47 0.53 0.46 0.97 0.49 0.81 0.56

Using the parameter values detailed in Table 8, the gray relation degree is computed:

X =



X1
X2
X3
X4
X5
X6
X7


=



6 8 10 12
4 6 8 10
2 4 6 8

148 185 246 370
20 30 40 50
40 50 60 70
0.5 1 1.33 1.5


(14)

Y =



Y1
Y2
Y3
Y4
Y5
Y6
Y7


=



13.4 10 8.7 7.5
10 7.9 7.8 6.9
10 9.7 8.4 8.1
9.8 10 10.3 13.3
10.3 10 9.8 9.4
9.9 10 11.7 15.7
5.8 10 8.2 8.4


(15)
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Z =



Z1
Z2
Z3
Z4
Z5
Z6
Z7


=



128 122 116 108
122 111 108 90.1
122 119 116 114
121 122 124 127
131 122 118 112
117 122 154 227
144 122 117 142


(16)

The calculated difference sequence matrices ∆X−Y and ∆X−Z are shown below.

∆X−Y =



1 0.09 0.46 1
1 0.01 0.38 1
1 0.51 0.51 1
0 0.11 0.3 0
1 0.33 0.22 1
0 0.32 0.36 0
0 0.52 0.21 0.38


; ∆X−Z =



1 0.37 0.27 1
1 0.32 0.11 1
1 0.29 0.42 1
0 0 0.06 0
1 0.19 0.35 1
0 0.29 0.33 0
1 0.29 0.79 0.07


(17)

The correlation coefficient matrices δX−Y and δX−Z are detailed here:

δX−Y =



0.33 0.85 0.52 0.33
0.33 0.98 0.57 0.33
0.33 0.5 0.5 0.33

1 0.82 0.63 1
0.33 0.6 0.69 0.33

1 0.61 0.58 1
1 0.49 0.7 0.57


; δX−Z =



0.33 0.58 0.65 0.33
0.33 0.61 0.83 0.33
0.33 0.63 0.55 0.33

1 1 0.9 1
0.33 0.72 0.59 0.33

1 0.63 0.60 1
0.33 0.63 0.39 0.87


(18)

The sensitivity analysis reveals that, in decreasing order of sensitivity, the mid-span
displacement and total internal energy of the RC column are influenced by the following
parameters as shown in Table 9:

(1) Spacing of the transverse bars (st);
(2) Mass of the explosive charge at the entrance of the EDST (me);
(3) Load eccentricity (hr);
(4) Number of longitudinal bars (nL);
(5) Diameter of longitudinal bar (φL);
(6) Strength of concrete (sc);
(7) Diameter of the tie (φt).

Wu et al. [35] used the gray relation method to assess the influence of various param-
eters on the dynamic response of square RC columns under a close-in explosion. It was
shown that the spacing of the transverse bars (st) has the most important impact on the
mid-span peak displacement of RC columns. Similar results are shown in this work for the
case of circular RC columns under localized blast loading.

Adding to the parameters studied in [35], the influence of the load eccentricity is also
investigated in this work.

7. Conclusions

This study introduces a novel approach for experimentally testing laboratory-scale RC
columns under blast loading. The explicit LS-DYNA code is used for numerical simulation,
and the obtained results are validated with respect to the experimental data. The established
laboratory-scale approach allows for the evaluation of the blast response of circular RC
columns, combining the use of the EDST as a blast loading tool and the DIC technique for
detailed deformation measurement and failure estimation.

The following conclusions can be presented:
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1. An increased explosive mass correlates with a higher damage level in the RC columns.
The rotation-based damage assessment for the RC column subjected to an explosive
mass of 30 g (tests n◦1, 2, 3) reveals a classification of superficial damage, indicated by
a support rotation (θ) of 0.6◦. This contrasts with the damage level of the specimens
(tests n◦5, 6, 7) subjected to 50 g, which is categorized as moderate damage, as
evidenced by a support rotation (θ) of 1.1◦.

2. The crack pattern of the blast-loaded RC column is identified using the DIC measure-
ments. Differentiation of the vertical displacement field yields the position of the
different appeared cracks in the columns.

3. The FE model is able to reproduce the applied blast loading in terms of the reflected
pressure and impulse. The relative difference in the peak reflected pressures between
the finite element model and the average measured data is equal to 1.3% and 6.6%
for charges of 10 g and 20 g, respectively. The relative difference in the peak reflected
impulses is 7.3% and 18.5%.

4. The FE model allows us to uncover details about the deformation and failure charac-
teristics of the RC columns under localized blast loading.

5. The FE model is capable of reproducing the dynamic response of the RC columns. The
relative difference in the peak displacement at positions D1, D2 and D3 between the
finite element model and the average measured data is equal to 3.3%, 1.5% and 1.5%
for the case of 30 g of C4, respectively. For the case of 50 g, the relative difference in
the peak displacement at positions D1 and D2 is equal to 5.6% and 1.6%, respectively.

6. The relative difference in the support rotation (θ) between the finite element model
and the experimental results is equal to 6.7% and 5.6% for the case of 30 g and 50 g,
respectively.

7. The crack pattern predicted with the numerical model corresponds well with the
experimental results.

8. The sensitivity analysis reveals that, in decreasing order of sensitivity, the mid-span
displacement and total internal energy of the RC columns are influenced by the
following factors: spacing of the transverse bars (st), mass of the explosive charge
at the entrance of the EDST (me), the load eccentricity (hr), number of longitudinal
bars (nL), diameter of longitudinal bar (φL), strength of concrete (sc), and diameter
of the tie (φt). The spacing (st) and mass of the explosive charge (me) have the most
important impact on the mid-span peak displacement and internal energy of RC
columns.

In summary, the experimental and numerical analyses conducted in this study offer
valuable insights into the impact of blast loading generated by the EDST on the dynamic
behavior of circular RC columns. The laboratory experimental technique can be adopted
for future experimental work.
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