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1. Introduction 
 

Blast waves can progress from varied explosion sources 
such as vapor gas explosions, massive explosive charges, 
bursting pressure vessels, and rocket attacks. They impose 
significant threats to surface and underground structures 
(Hao et al. 2016a). Terrorist attacks that usually utilize 
explosive devices threaten lives and strategic civil 
structures. During explosions, a large amount of energy is 
released in a few milliseconds, so the blast wave propagates 
through the surrounding atmosphere, like air, soil, water, etc. 
The blast wave applies high pressure on the nearest surface 
of the buildings. Many researchers have investigated 
structures' performance under explosion hazards (Mahmoud 
2019, Park et al. 2021), while some have tried to improve 
the characteristics of materials against blastings (Kim and 
Park 2019, Sagong et al. 2020). These unwanted events can 
be divided into inside or outside explosions. This paper has 
focused on both outside and inside blast loadings. External 
loading is typically divided into three categories due to 
explosion position: Free-air bursts, embedded bursts, and 
Surface bursts, considering the relative position of the blast 

                                          

Corresponding author, M.S.c 

E-mail: javad.tahamtan@gmail.com 
aProfessor & supervisor 
bM.S.c 
cM.S.c 

dPh.D . student 

 

 
source and the exploded structure (Defense 2008). this 
classification refers to the nature of blast wave reflection 
from the ground surface (Acosta 2011). whenever the blast 
happens near or on the ground surface, the blast load is 
considered a surface burst (Dadkhah and Mohebbi 2021). 
The experimental results can also be utilized to determine 
the damage rate of civil structures such as cantilever 
retaining walls in each explosion. 

Nevertheless, experimental tests are generally 
challenging to secure the test site and supply exorbitant 
expenses. On the other hand, Surface structures such as 
retaining walls are not typically designed for unexpected 
loadings like blast waves and TNT explosions. In such a 
situation, retaining walls' dynamic behavior against 
embedded and surface blasts must be considered 
(Cheeseman et al. 2006, Koneshwaran et al. 2015). 

Accordingly, the current paper investigates the 

characteristics of damages in concrete, considering the 

second version of the Johnson-Holmquist model using the 

user-subroutines in the ABAQUS software. Since retaining 

walls resistant against TNT loadings costs a lot, designing 

economical walls against massive, short-time loads exposed 

from embedded and surface explosions is vital for 

protecting these cantilever RC walls and behind materials 

(or even humans) during unwanted threats. 

 

 

2. Lecture review 
 

Numerical methods have been used more than ever for 

explosion analysis in recent years; these methods will be 
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significantly influenced by the density of the progress environment. The result reveals that the progress of waves and the 
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faster and cheaper than laboratory tests and in-situ 

investigations. Many authors also mentioned analytical 

solutions for soil-structure interaction in explosions (Li 

2020, Tash and Neya 2020). Baker et al. (1973) stated that 

six parameters define soil deformation due to blast. These 

parameters are the depth of the embedded explosive charge, 

the explosive mass, the density of soil mass, the soil 

strength parameters, the apparent crater diameter, and the 

magnificent force that considers the gravitational effects 

(Baker et al. 1973). Cheeseman et al. (2006) have analyzed 

coupled Lagrangian-Eulerian to discover the explosive 

detonation in saturated sandy soils. In their simulation, the 

TNT amount, burial depth, direct distance to the structure, 

and cavity dimensions were studied. Ultimately, the 

accuracy of the simulation results was compared with 

laboratory test observations (Cheeseman et al. 2006). Tai 

and Tang (2006) worked on a numerical simulation of 

reinforced concrete slabs under standard explosion to 

investigate the dynamic behavior of concrete in short-time 

loadings. The constitutive law model of Johnson–Holmquist 

concrete material was used to model the high-strain states, 

high-pressure points in the concrete slab, and large strains. 

They also reveal that the Johnson–Holmquist model is able 

to simulate the different failure modes in concretes without 

any predefined defects in the element meshes. 

Meanwhile, the simulated models obtain acceptable 

agreement between test results and the numerical 

simulations (Tai and Tang 2006). Ma and An (2008) used 

the Johnson–Holmquist material constitutive law model to 

simulate the models with LS-DYNA software. They 

manufacture the rock fractures subjected to TNT loads. 

Results showed that the loading rate sufficiently influences 

the rock fracture pattern. They state that the Johnson–

Holmquist material model can effectively model tensile 

radial fractures and crushed compressive zones (Ma and An 

2008). Luccioni et al. (2009) worked on the characteristics 

of soil deformation utilizing numerical methods and 

compared their results with Baker et al. (1991) 

investigations to indicate the benefits of numerical methods 

in predicting blasted soil changes (Luccioni et al. 2009). 

Murthy et al. (2010) studied the consequence of a shock 

to concrete materials. For this purpose, they compared 

numerical analysis, experiment tests, and theoretical 

analysis. Finally, they stated that the limitations of present 

methods could cause inaccurate explanations of the failure 
characteristics (Murthy et al. 2010). De (2012) worked on 

surface explosions of cohesionless, unsaturated soil. This 

study used a fully coupled Euler–Lagrange Interaction to 

numerically simulate the model pressures induced by the 

explosions where the soil tolerates large deformations. The 

numerical results were close to the centrifuge model, 

experimental tests, and authors' field observations (De 

2012). Yang et al. (2019) studied the damage characteristics 

of Reinforced concrete slabs subjected to explosions from 

underwater and air contact. The different responses of the 

Reinforced concrete slabs subjected to identical TNT mass 

are simulated utilizing the validated coupled method. The 

results indicate that the current model can represent a 

reliable prediction of damage characteristics for Reinforced 

concrete slabs while considering different blast scenarios.  

The dynamic response and damage rate caused by 

underwater contact explosions are much larger than those of 

air contact explosions. However, the charge mass is the 

same in both situations. The concrete crush is extensively 

localized under the air contact blast; still, there was no 

observable global deformation. However, when subjected to 

underwater contact blasts, concrete bending and tensile 

failure will occur (Yang et al. 2019). Yang et al. (2019) 

utilized a Lagrange-Eulerian method to show a rectangular 

tunnel behavior while applying underwater blast loadings. 

They simulated the rectangular tunnel and subjected it to a 

range of charge weights with a horizontal distance of 2–8 m 

between the reference point of detonation and tunnel 

concrete. The damage was divided into four groups based 

on the deflection span ratio. Finally, they used 

reinforcements to improve the inner and outer tunnel lining 

with CFRP layers and reduce damage. The results indicate a 

reduction in the settlement and deflections of the tunnel 

lining at the top (Yang et al. 2019). 

Oucif and Muhammad (2018) also used the second 

version of the Johnson-Holmquist constitutive model. They 

developed a model to determine the high-velocity impact on 

reinforced concrete panels. The outcomes emphasized that 

the Johnson–Holmquist damage model can predict the 

impact behavior of concrete slabs (Oucif and Muhammad 

2018). Ambrosini and Luccioni (2020) investigated the 

effects of explosions on soil and structure. They state that 

soil density and other parameters significantly impact 

systems. The authors noted that the soil must be carefully 

selected to simulate accurately. Still, the number of 

damages is extensively related to the soil properties. This 

point emphasized the necessity of accurately defining soil 

parameters when observing the behavior of civil structures 

in contact with soils subjected to blast loadings. For this 

goal, structures must be modeled explicitly (Ambrosini  and 

Luccioni 2020). 

 

 

3. Blast 
 

Standards for the stability of numerous civil structures, 

such as retaining walls against buried and surface blasts, 

had been discussed (Station 1986). An extensive energy 

release accompanies an explosion in only a few 

milliseconds; this process causes a shock wave to propagate 

in the environment and fill the surrounding air or soil with a 

compressive wavefront. Meanwhile, A high-level pressure 

will be applied to any material in the surrounding 

environment. The shock wave moves forward radially from 

the detonation point; hence, increasing radius will reduce 

velocity. The wavefront progresses across a large volume, 

and the explosion pressure (Pso) value decreases 

simultaneously (De 2012). Generally, vibration waves' 

properties include amplitude, period, and frequency affected 

by the soil, ground geometry, soil topography, dispersion, 

and absorption. Research of numerous regions reveals that 

sites hardly affected by explosions are typically restricted to 

a small area (Uyar and Aksoy 2019). 

A surface explosion causes large deformations and 

increases the strains and stresses in the surrounding soil.  
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Fig. 1 Incident pressure's time history 

 

 

These changes are consequences of the interaction 

between the surrounding soil and induced compressive 

waves. These deformations highly depend on the hydraulic 

conditions of the explosion and the soil characteristics 

(Osinov et al. 2019). The time history of pressure during a 

blast has been studied by different researchers (Brode 1955, 

Hao et al. 2016b). A usual shape of blast pressure is 

demonstrated in Fig. 1. Fig. 1. shows that the blast pressure 

can start with an initial positive phase and then turn into its 

negative phase. The following Equation represents the blast 

pressure during time (Bulson 1997). 

Here, p(t) is the pressure caused by the blast in time (t). 

this pressure is measured from tA, which is the explosion 

arrival time. P0 is equal to surrounding air pressure, which 

is 101 kPa in most cases. Also, Pso is the peak incident 

pressure in the trace, and td is the positive phase time; the 

decay coefficient (b) is vital in extending the explosion in 

the negative duration. When b<1, the extension of the 

negative duration is significant; in the cases where b≥1, the 

extension of the negative duration can be neglected (Baker 

et al. 1973). The previous authors have demonstrated 

various empirical equations and graphs to explain the peak 

incident pressure (Henrych and Major 1979, Kinney and 

Graham 2013, Wu and Hao 2005). These authors indicated 

that the peak incident pressure is affected by the scaled 

distance parameter and can be expressed as follows (Bulson 

1997) 

1

3

R
z

W


 

(1) 

Here, R is the direct distance from the reference point 

(m), and W is equal to the equivalent weight of TNT (kg). 

The following factors can impact the value of the 

explosion pressure (Station 1986): 

• Distance to the structure and the quantity of charge 

• Dynamic behavior of soil 

• Depth of embedded explosion charge 

 

 

4. Methodology 
 

The reinforced concrete cantilever wall and beside soil 

was modeled in ABAQUS CAE for the Finite Element 

simulation. This program was used to assign material 

properties, apply interaction and boundary conditions, and  

 
Fig. 2 Geometry dimensions and reinforcements 

(centimeter) 

 

 

mesh the Eulerian and Lagrangian parts. The element used 

for modeling soil, internal steel reinforcement, air, and 

retaining wall is an 8-node linear brick with reduced 

integration and hourglass control, also known as C3D8R in 

the Lagrangian model. Also, the EC3D8R element is used 

for the Eulerian part. A finite element model is progressed 

to represent the damage rate of concrete cantilever retaining 

walls in various positions using 500 kg of TNT.  

For this simulation, a mesh convergence investigation 

was considered to determine the impact of the aspect ratio 

of the C3D8R elements on the ultimate results of using an 

optimal FE mesh that obtains a relatively accurate solution 

with the lowest computational costs. Elements with an 

aspect ratio of 1 (in most cases) and not higher than 1.5 in 

the whole model resulted from optimal meshing for the 

numerical simulations. To increase simulation accuracy, the 

meshing was densified nine times more in the retaining 

wall, TNT, and reinforcement areas.  

For the solid model (Lagrange Model), the structure's 

mesh is set to 250 mm, but for the air model (Euler Model), 

the mesh is set to 200 mm. 
As far as the TNT load exploding in the middle of the 

length in all positions, the regions' width was set to 12 m, 
which is suitable as no boundary effect was observed in the 
results. The backfield soil and front air length equals 20 m, 
where the boundary is far enough from the wall face. 
Furthermore, the height of the wall is considered to be 5 
meters. Other dimensions of the retaining wall are shown in 
Fig. 2. 

The dimensions and properties of the cantilever concrete 

wall and internal reinforcements are given here. These 

properties are sufficient for tolerating dead, live, and 

earthquake loads according to Iranian earthquake Standard 

no. 2800. The perfect condition for modeling an infinite 

boundary is to simulate a more significant size model; 

therefore, the desired structure could not be affected by the 

reflection of stress wave (Wang et al. 2019), but this 

approach is time-consuming and not practical in general. 

Regarding Fig. 3, transmit boundary conditions in the 

Eulerian mesh on the outer surface of the model were 

considered to prevent the shock wave's reflection from the 

explosion at the boundary of soil mass. Hence, the flow-out 

condition was utilized in the border of soil, cantilever wall, 

and air elements to simulate better the volumetric expansion 

effect. The bottom was considered bedrock without 

displacement or reaction forces being allowed. 
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Fig. 3 Transmit and bottom boundary condition 

 

 

5. Constitutive model  

 

A proper constitutive model selection for each material, 

such as air, soil, steel, and concrete, plays a vital role in the 

precise numerical modeling of explosions (Hejazi et al. 

2008). 

 

5.1 Soil constitutive model 
 

The soil mass in the current paper was modeled as an 

isotropic continuum with yielding that is described by the 

Mohr-Coulomb yield criterion as 

𝜏 = 𝑐 + 𝜎 𝑛 𝑡𝑎𝑛 𝜑 (2) 

In Eq. (2), 𝑐 is the value of cohesion in the soil, 𝜎𝑛 is the 

normal vertical stress, 𝜑 is the internal friction angle, and 𝜏 

is the shear stress. Also, a small cohesion value of 1 KPa 

has been assumed for the sandy soil. Internal friction angles 

of 35° and a dilation angle of 5° were considered (Rahgooy 

et al. 2022). 

The concrete foundation had a modulus of elasticity 

(𝐸𝑐) of 2.1 GPa and a Poisson's ratio (𝜇𝑐) of 0.2. The soil 

had a modulus of elasticity (𝐸𝑠) of 10 MPa and a Poisson's 

ratio (𝜇𝑠) of 0.3. The specific weight of concrete (𝛾𝑐) in the 

foundation and soil ( 𝛾 ) were 2400 and 1810 kg/m3, 

respectively (Rahgooy et al. 2022). 

The Lagrange processor is generally ideal for the 

behavioral analysis of solids materials; the Lagrange 

processor is specified for the cantilever retaining wall. In 

contrast, the Euler processor is typically perfect for the 

behavioral analysis of fluids; therefore, in this paper, the 

Euler processor is used for the air, soil, and TNT materials. 

The current approach also had been used in (Jeon et al. 

2015). 

 

5.2 Steel constitutive model 
 

Using the elastoplastic law, this paper modulates 

horizontal bars and stirrups in the retaining wall. In this 

constitutive law model, whenever any element reaches the 

maximum plastic strain during the blast loadings, the 

element is regarded as failed. The S420 Steel was 

considered for reinforcement with a density of 7800 kg/m3, 

elasticity (𝐸𝑐) of 200 Gpa, Poisson's ratio (𝜇𝑠) of 0.3, 
Tensile Strength of steel used in cantilever wall is 420 Mpa 

and Compressive Strength of 420 Mpa. 

 

5.3 Air constitutive model 
 

Atmospheric characteristics are not constant in different 

situations and can vary extensively. The model should use 

precise values that perfectly reflect the blast site conditions. 

Abaqus has some ways the simulation can represent air 

characteristics in different states.   

In a surface burst, shock wave stress is moved forward 

and attenuated by an increased radius. So, a suitable 

constitutive model for air material should be utilized to 

model the charge explosion. The air does not consist of 

yield strength and acts in a fluid-like manner (Wang et al. 

2019). A typical model in Abaqus is the one with an ideal 

gas state equation. This Equation considered the reference 

mass density of 1.2 kg/cm3 and specific heat of 717.1. An 

equation of state governs the correlation between pressure 

and volume, and the gas constant is equal to 287 while 

ambient pressure is 101325 pascal and dynamic viscosity is 

equal to 8.25E-05 m/s. 

 

 

6. Interactions 

 

Considering good contact between stirrup and 

longitudinal rebars and covered concrete is vital in the blast 

simulation because the stress flow among different parts 

affects the dynamic behavior of materials (Abedini et al. 

2019). This paper considers the internal steel reinforcement 

an "embedded element" in the concrete retaining wall. Here, 

the wall acts as a host. So, embedded nodes will have an 

identical translational degree with the surrounding host 

elements. This strategy reasonably assumes that no sliding 

between internal steel and concrete occurs under 

compression (Zhao et al. 2012). The same interactions were 

also defined between the heel and toe concrete of the 

retaining wall and the steel angles. The latter assumption 

allows the definition of perfect contact between steel angles 

and concrete (avoiding potential convergence problems due 

to other types of contact modelling). Also, a general contact 

(explicit) interaction was used to define the contact 

properties between the steel rebars and closed stirrups. 

When the TNT arrived the retaining wall, there will be 
no friction in their contact. 
 

 

7. Verification 
 

This paper benefits from commercial numerical 

software, so it generally does not utilize a new equation. 

However, the authors define the subjected innovative 

models (second version of the Johnson-Holmquist model) 

for the analysis and import the required data as they need. 

Therefore, verifying whether the analysis results simulate 

the actual behavior would be necessary. 

Tuğrul and Sevim (2017) performed a numerical study  
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Fig. 4 Displacement contour diagrams of the models at X 

direction (mm) 

 

 
Fig. 5 Displacement counter with the same direction of 

simulating model-1 in Abaqus (m) 

 

 
Fig. 6 Displacement counter with the same direction of 

simulating model-2 in Abaqus (m) 

 

 

to evaluate the displacement of the RC retaining wall under 

TNT explosives (Tuğrul and Sevim 2017). They performed 

two explicit models in ANSYS AUTODYN software. In 

model-1 (Fig. 4(a)), the horizontal distance between the 

explosive material and the structure equals 5.5 m. In model-

2 (Fig. 4(b)), the horizontal distance equals 4 m. in Both 

positions; the explosive load is meshed and simulated with 

the air (Euler) model. The density of the TNT is 1600 

kg/m3, and the mass of the TNT is equal to 410 kilograms.  

The detonation of the explosives for both models is at 

the center of the TNT volume. The same model has been 

simulated in Abaqus software utilizing the concept model to 

verify the result. Fig. 4 shows the result in Ansys and Figs. 

5-6 Show the verified model in Abaqus. The compared 

result is shown in Fig. 7. As shown in Fig. 7, the results in 

the two programs are almost identical, so the current 

software can also consider a new constitutive model for 

retaining walls with the same geometry. 

 
Fig. 7 Comparing horizontal displacement in gauge 
points (mm) 

 

 

8. Computational algorithm 
 

A computational algorithm must be considered before 

performing a model. It will enable the explosion waves to 

pass through the target grids in the computation process. 

The three possible computational approaches are (Schwer 

and Day 1991): 

(a) Rezoning: after solving a certain number of cycles, 

some grids will be destroyed, and the rezoning algorithm 

will map them into a more regular grid, e.g., a new grid will 

form after the target zones in front of a mass charge become 

hardly compressed. This technique is typically very time-

consuming and is not available in all software. 

(b) ALE: This algorithm benefits from the advantages of 

the Eulerian and Lagrangian techniques. In this scheme, 

defined nodes in the computational grid are placed in a 

restricted position in model space, although they can move 

with the material or progress in the prescribed manner. 

(c) Eroding elements: The eroding algorithm rectifies 

the problems related to highly distorted elements in blast 

simulations by deleting parts that reach the removal criteria 

of grids. The requirements are generally heuristic and 

defined with the maximum allowable values of the 

element's deformation or stress measures; this could be 

expressed through an effective plastic strain or principal 

stress of materials. 
This paper Benefited from the coupled Euler-

Lagrangian method and eroding elements method to find 
out the intensity of the explosion beside and in front of a 
cantilever retaining wall. 
 
 
9. Characteristics of explosives 
 

There are many ways to introduce explosives load in 
ABAQUS, but the most prevalent one in simulations is the 
JWL1 state equation. Inherently, JWL is a physical model;  

                                          

1 Jones-Wilkins-Lee 
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Table 1 JWL EOS properties for explosive load 

type 
ρo 

(kg/m3) 
R1 R2 

A 

(pa) 

B 

(pa) 
w 

e0 

(j/m3) 

Pcj 

(pa) 

VOD 

(m/s) 

TNT 1630 2.63 2.62 3.738e11 3.747e6 0.35 6e9 2.1e10 6930 

*ρo = explosives’ density, 

 eo = the Initial Chapman-Jouguet energy, 

 PCJ = pressure of Chapman-Jouguet,  

 VOD = Chapman-Jouguet detonation velocity 

 
 

therefore, this model can simulate chemical explosives too. In 
this manner, JWL uses thermodynamics law (Manual 2020). In 
this paper, the explosive load equals 0.5 tons of TNT with a 
1630 kg/m3 density. Table 1 shows the coefficients of TNT 
used in the current paper for the JWL equation (Manual, 
2020).  

The Jones-Wilkins-Lee Equation (JWL) has progressed 

considering the relation between the pressure of explosive 

material and its volume expansion. It can be observed with 

the help of the cylinder expansion test. The JWL equation is 

shown as Eq. (3) 

1 2

0

1 2

(1 ) (1 )

R R

p A e B e E
R R

  


 

      (3) 

In the Equation, η is the detonation product density 
ratio divided by the explosive's initial density. A, B, R1, 

R2, and   are fitting coefficients, as mentioned in Table 1. 

Also, the explosives for each model are detonated at the 

center of the TNT. 

 

 

10. Johnson-Holmquist-2 

 

Concrete is one of the most complex materials due to its 

inconstant behavior in various loading situations (Akram 

and Yesilyurt 2023). Many constitutive law models have 

progressed in recent years to comprehensively describe the 

dynamic behavior of concrete under Short-term loads such 

as explosive ones. In the current paper, the modified 

Johnson Holmquist constitutive law model, also called JH-

2, is utilized to observe the brittle behavior of concrete in 

cantilever RC walls facing the explosive load in different 

positions. JH-2 is the innovative and modified prescription 

of the old Johnson–Holmquist model (Johnson and 

Holmquist 1992). The new model is generally suitable for 

simulating the behavior of brittle materials, such as 

concrete, under impact loads. This constitutive model 

considers the pressure-strength dependency of materials, 

dilatation, and strain-rate influences. In the old model 

named JH-1, the yielding strength is reduced whenever a 

defined critical value of the damage is reached. Instead, the 

yielding strength reduces with the rate of damage 

accumulation in the new model. The strength in the JH-2 

model is defined as equivalent stress, which is 

( )i i fD          (4) 

where  

i


 = the normalized intact equivalent stress. 

D = damage variable. 

f  = the normalized fractured equivalent stress.  

The material's undamaged and completely damaged 
values are defined with D=0 to D=1. 

Instead of the above Equation, the strength is considered 
to normalize Eq. (4) to the Hugoniot elastic limit's 
equivalent stress. Hugoniot elastic limit is defined as a 
shock wave in one dimension that passes the elastic limit 

3
( )

2HEL HELHEL P    (5) 

In Eq. (5), the pressure at the HEL is called P HEL. After 

normalization, Eq. (4) would be 

HEL






   
(6) 

According to the JH-2 constitutive law model, the 
Equation of the strength can be represented with strain 
rate and pressure rate in undamaged and completely 
damaged brittle material as follows 

max

max

( ) (1 ln )

( ) (1 ln )

N

i i

M

f f

A P T C

B P C

  

  





  

 

   

  

 
(7) 

A, B, C, N, and Smax are the material constants. 

A = material's normalized cohesive strength 

B = coefficient of normalized pressure hardening  

C = coefficient of strain rate 

N = pressure hardening exponent 

Smax = normalized maximum strength. 

Therefore, the normalized pressure is 

HEL

P
P

P

   (8) 

P = the current hydrostatic pressure.  
Hence, the normalization of maximum tensile 

hydrostatic pressure is considered as follows 

HEL

T
T

T

   (9) 

T= is the maximum value of tensile pressure 
supported by the brittle material. In this condition, the 
strain rate is equal to 

0

pl

pl 





 
(10) 

pl

 = the equivalent plastic strain rate. 

The modified Jonson Holmquist constitutive law 
model utilized the same damage accumulation as the 
Johnson-Cook constitutive law model. The Johnson-Cook 
generally assumes that the damage rises whenever the 
plastic strain is increased, which is 

2

min max1

( )

( ) ;

pl

pl

pl pl pl plD
f f

D
P

D P T





    




   

  
(11) 
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Fig. 8 Relation of Pressure and volumetric strain of the 

JH-2 

 
 
pl

 = the increment of equivalent plastic strain 

 
pl

f = the equivalent of plastic strain at failure.  

D1 and D2 = material constants. 

min

pl

f & 
max

pl

f = maximum and minimum of fracture 

strains. 
The pressure-volume relationship in JH-2 for brittle 

material is 

2 2 3

1 1 1

1

;  0 ( )

;  0 ( )

K K K compression

K tension

   

 

   




 (12) 

K1, K2, and K3 =constants  

0

1





  ,  

 = the current densities 

0 =reference densities. 

In JH-2, When the material reaches the failure 
criterion in some elements, an additional pressure 
increment P is added, which is 

2 2 3

1 1 1P K K K P        (13) 

The determination of the pressure increment is 
through the energy considered, meaning that whenever 
the material is partly damaged, the deviatoric elastic 
energy DU is immediately reduced owing to the strength 
reduction. Fig. 8 reveals the current model's relation 

between the pressure and volumetric strain. JH-2 has the 

same parameters as the old version, namely D1, D2, and 

EFMIN. These parameters are obtained from cyclic uniaxial 

compression tests. It should be noted that EFMIN is the 

minimum plastic strain before the initialization of fracture. 

Still, most authors initially used the D1=0.04 and D2=1 

(Kucewicz et al. 2021). The JH-2 method is considered a 

homogenization of the simulated material. Therefore, it 

assumes no imperfections or discontinuities (Kucewicz et 

al. 2020). The reduction of elastic energy is then 
converted to potential energy. This trace will happen 
through a raise in the pressure increment, which is equal 
to 

2 2 3

1 1 1P K K K P        (14) 

 

 

Fig. 9 Lagrange and Euler mesh behavior Schematically 

(Rashiddel et al. 2020) 

 

 
(a) explosion in front of a wall (scenario1) 

 
(b) explosion in the middle of soil (scenario2) 

 
(c) explosion above the soil (scenario3) 

Fig. 10 Relatively position of TNT, soil, and the 

cantilever wall 

 

 

β = the fraction of the elastic energy increase converted 

into potential energy (0 1)  . Table 2 shows the 

parameters used in the JH-2 model in the current paper. 
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Table 2 JH-2 properties for concrete 

ρo A N B M C e.
0 

2400 0.79 0 1.6 0.61 0.007 1.0 

HEL P HEL SigI Max sigFMax beta D1 D2 

80E6 48E6 8.6E9 1.1E9 1.0 0.04 1.0E 

efMax efMin T K1 K2 K3 FS 

1.0 0.001 0.00354E9 85E9 -171E9 208E9 0.2 

 

 
(a) effective explosion time of 0.003 

 
(b) effective explosion time of 0.007 

 
(c) effective explosion time of 0.007 

Fig. 11 Damage ratio in the concrete of retaining wall in 

scenario 1 using the JH-2 model 

 

 

11. Fully-coupled Euler–Lagrange formulation 

 

The most familiar solvers in explosion simulation are 

Euler, Lagrange, conwep, Arbitrary Lagrange Euler, and 

Smooth Particle Hydrodynamic. Meanwhile, an innovative, 

fully coupled interaction exists between the Lagrangian and 

Eulerian methods (De 2012, Khodaparast et al. 2023). The 

CELM showed an accurate structure based on particle 

distribution (Jin et al. 2023). So, proper constitutive law 

models must be accurately selected to simulate the behavior of 

different materials against blast waves. The current paper 

adopts a coupled Eulerian-Lagrangian formulation to simulate 

blast loads precisely in fluid-solid interaction. The full coupling 

of Lagrangian and Eulerian lets the model deform as much as 

needed, while solids generate fluid-solid boundaries (Choi et 

al. 2006). 

Here, the solid phase is a cantilever retaining wall, and the 

fluid phase includes surrounding air, blast waves, and exploded 

soil. According to Fig. 9, the numerical mesh remains intact in 

the Euler method. At the same time, the materials can flow 

from one element to other elements freely. The deformed shape 

will be simulated by mesh distortion. This method is proper for 

fluid-phase materials, like surrounding air or TNT mass (De 

2012). 

 

 

12. Results  

 

This section evaluates three scenarios, as shown in Fig. 10. 

In the first scenario, the explosion occurs in front of the 

retaining wall. In scenario two, the explosion load had been 

embedded in the soil with a burial depth of 2 meters. Finally, 

in scenario three, the explosion load is considered on the top of 

the backfilled soil. 

 
12.1 Scenario-1 
   
In this scenario, the direct distance from the bottom-middle 

of the wall is 1 meter to 5 meters, and other parameters are 

constant (Fig. 10(a)). The damage rate based on the johnson-

Holmquist-2 approach (user-subroutines) is shown in Fig. 11 

for the most critical positions of 1 meter in scenario one, with 

effective explosion times of 0.003, 0.007, and 0.01 seconds, 

respectively. As shown in Fig. 11, increased explosion time 

will increase the concrete damage rate. Meanwhile, the most 

damages are experienced in the initial steps; more than 80% of 

concrete damages came in just 0.005 seconds. 

Meanwhile, a deflection in rebars, especially at the toe of 

the cantilever wall, is noticeable. Also, the result shows that the 

mean of von Mises stresses in rebars will decrease with 

increased distance between the RC wall and TNT. As shown in 

Fig. 12, The mean stress in all longitudinal rebars and closed 

stirrups is almost 265 MPA in the first 0.002 seconds, where 

the distance between the RC wall and TNT is 1 meter. After 

that, a slight drop will occur, resulting from a negative 

specific impulse and a smooth increase in stress. This point 

reveals that the TNT blast effective time may not be the 

most critical parameter in short distances. As shown in Fig. 

12, the immediate peak will vanish by increasing the 

distance, and the peak stress will happen within a bit of 

delay. The latest peak belongs to a 5-meter distance where it 

takes 0.006 seconds to reach the maximum mean of 100 

MPA in steel. Also, it could be concluded that by increasing 

the distance to more than 2 meters, the maximum mean 

stress will dramatically fall. Although still in all cases, the 

highest stress is observed in middle steels where the 

concrete is destroyed entirely, and no cover remains for 

steels. (Sagong et al. 2020) The same trend was reported for 

shear stresses in the tunnel lining material. 
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Fig. 12 Mean von Mises stress of steels in scenario 1 

 

 

Fig. 13 Volumetric strain at gauge points in scenario 1 

 

 

Also, user-subroutines considering volumetric strains in 

concrete parts were available. For this purpose, three gauge 
points were considered in the bottom, middle, and top of the 

retaining wall, just in front of the explosion load. As shown in 

Fig. 13 for scenario 1, the bottom point, nearest to the 

explosion loads, reveals the more volumetric strains up to 

0.025. this point is where the RC wall tolerated the most 

damage in concrete. Also, firstly, the volumetric strains rise 

with an increase in the distance, but after 2 meters, they 

decrease in all cases. 

 

12.2 Scenario-2 
 

In this scenario, the blast wave progressed from the 

buried charge in the soil. This paper simulated the blast 

consisting of 500 kg of TNT located 2.5 m beneath the 

surface within a 1-to-5-meter horizontal distance from the 

middle of the retaining wall. Flow-out boundary conditions 

are considered to avoid the boundary wave's reflection. As 

shown in Fig. 14, the cantilever RC wall has the most damage 

in scenario two, where the explosion load is embedded in the 

soil environment. In this scenario, an extensive area faces 

complete damage, so the element has been deleted due to 

the entire damage in concrete material. The RC wall also 

tolerates a huge deflection in middle rebars. 

There are three reasons for this event; first, the higher 

density of soil than air increases the pressure load on the  

 
(a) effective explosion time of 0.003 

 
(b) effective explosion time of 0.007 

 
(c) effective explosion time of 0.01 

Fig. 14 Damage ratio in the concrete of retaining wall in 

scenario 2 using the JH-2 model 

 

 

Fig. 15 Mean von Mises stress of steels in scenario 1 

 

 

retaining wall significantly. Second, in scenarios one and three, 

a fast upward movement of blast waves causes less pressure on 

the wall, while in scenario two, the contact with a higher 

number of waves. Third, in scenario one, a backfill helps the 

wall resist deformation, while in scenarios two and three, the 

retaining wall can move back quickly. As a result, a higher  
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Fig. 16 Volumetric strain occurred at gauge points in 

scenario 2 

 

 

moment will apply to the foot of the wall (especially in 

scenario three). (Liu et al. 2019) indicated that the detonation 

of a concentrated blasting load has a significant effect on 

the damages of materials in the near zone of the explosive 

load coordinates and a more negligible effect at a far 

distance, which is observed In Fig. 14. In scenario two, 

geological structure and soil density are more pronounced. As 

reported by (Shadabfar et al. 2020), The size of the blast 

load-induced damages was extensively reduced by raising 

the distance between the embedded blast charge and the 

wall, which happened in three scenarios and was more 

evident in scenario two. 

Analyzing Fig. 15 shows that the delay in von Mises's peak 

point is evident compared to scenario one. The reason is that 

the wave will progress at a lower speed in a dense medium 

such as soil; therefore, the impact will occur later than in 

scenario one. Also, the negative specific impulse is not 

evident in this scenario; instead, the drift in soil mass will 

cause a massive force beside the RC wall. Here, in scenario 

two, the wall faces higher steel pressure. Fig. 15 reveals that 

the maximum mean stress in steels is almost 250 MPA, related 

to a 1-meter distance. Here, a dramatic drop in von Mises 

stresses occurs when the distance exceeds 3 meters. Also, the 

stresses will rise significantly after 0.06 seconds, and there is 

no peak point during analysis.  Other investigations also state 

that soil drift greatly influences blast loads' impact on 

targets located; in the study of Swinton and Bergeron 

(2004), a 40 cm in radius and 50 cm deep steel container 

was considered in the medium-dry sand. Five tests with 

different TNT weights were modeled, and the result shows 

that it took between 30 milliseconds to 50 milliseconds 

before initializing any movement in soil (Swinton and 

Bergeron 2004). For scenario two, the volumetric strain in the 

gauge points is shown in Fig.16. Comparing Fig. 16 with Figs. 

14 and 18 indicates that scenario two has a lower volumetric 

strain in gauge points. Here, the most expansions will occur in 

the middle and top of the wall, while in scenario one, the toe of 

the wall has the most expansions. The peak of volumetric 

strains happens in the middle and top of the RC wall when the 

TNT explodes at a 1-meter distance. The volumetric strain will 

become more similar by raising the distance in different 

positions. 

 
(a) effective explosion time of 0.003 

 
(b) effective explosion time of 0.007 

 
(c) effective explosion time of 0.01 

Fig. 17 Damage ratio in the concrete of retaining wall in 

scenario 3 using the JH-2 model 

 

 

12.3 Scenario-3 
 
As shown in Fig. 10(c), The TNT exploded above the soil 

in scenario three. In this case, the drift of soil mass and the 

bending moment of the RC wall are the most critical 

concerns. Still, a significant portion of released energy will 

progress in the air (Fig. 17). Therefore, this scenario faced 

much less concrete material damage and less stress in steel. 

Fig. 18 Shows the mean von Mises stress in steels. Here, the 

wall meets the maximum stress at the end of the blasting 

time while the distance is less than 3 meters; meanwhile, by 

an increase in space between the TNT and wall, the peak 

will occur in the first 0.004 seconds; after that, the stresses 

will decrease. As shown in Fig. 19, the volumetric strains 

increase by increasing the distance in scenario three. Hence, 

the most strain will occur at the top of the wall with a 

magnitude of -0.045. Although the stresses and damages in 

scenario three are less than the two other ones, having a 

higher volumetric strain will be an important hazard for the 

RC walls. 

240



 

Damage rate assessment of cantilever RC walls with backfill soil using coupled Lagrangian-Eulerian simulation 

 

 

Fig. 18 Mean von Mises stress of steels in scenario 1 

 

 
Fig. 19 Volumetric strain occurred at gauge points in 

scenario 3 

 

 

12.4 concrete damage rate in different scenarios 
 

When the blast waves progress, the middle of the wall 

will face significant pressure. Then, the internal strain in the 

concrete is disturbed and propagates to the double side of 

the retaining wall in compressional waves. In the following, 

the waves reflect, serving as tensile waves. When the 

tensile stress generated by the reflected wave is more 

significant than the sum of tensile strength and the 

compressional stress, the concrete will start to spall and 

disrupt. The increased shearing and bending stresses will 

cause the disruption of the material within the coarse 

aggregate and lead to a higher damage ratio of the concrete 

(Sun and Liu 2022).  

The result indicates that the maximum von Mises stresses 

and the highest amount of volumetric strain are those that 

happened in the middle of the wall, where the distance 

between TNT and the surface of the wall is minimal. Due to 

the unidentical radical proration of blast waves in 3 scenarios, 

the concrete damage rate must differ in various positions. 

However, the elements with complete damage are in the 

middle of the wall. 

In analyses, the element with D=1 in 8 edges of the 

element considered complete damage and deleted 

immediately; these elements are eliminated and considered in  

 

Fig. 20 Damage criteria for 0.003 seconds 

 

 

Fig. 21 Damage criteria for 0.005 seconds 

 

 

100% criterion and reduce the volume of the remaining wall. 

On the other hand, in some elements, especially those located 

between the entirely damaged element and boundaries of the 

wall, some elements have not experienced D=1 in 8 edges but 

tolerated at least D=0.5 in them; these elements are not 

eliminated and considered as %50 damage criterion. Figs. 20 

to 23 show damage criteria for 0.003 seconds, 0.005 seconds, 

0.007 seconds, and 0.01 seconds, respectively. 

As shown in Fig. 20, The most damage in all positions is 

related to the 1-meter distance where the TNT is in the nearest 

place. Still, scenario one has the most %50 damaged elements 

where almost 0.44 of the total concrete volume has been 

experienced D =0.5 in all edges. After that, in scenario two, 

nearly 0.15 of the entire concrete volume has been experienced 

D=0.5. The result shows no apparent difference between 

damage rates in various scenarios by increasing distance to 

more than three meters. By increasing the distance to more 

than 3 meters, we do not face any element with D=1 due to 

low blast effective time and almost a far distance; there are just 

a few elements with D=0.5 or less Limited to %5. Fig. 21 

Shows the result of two criteria for an effective blasting time of 

0.005 seconds. 

As shown in Fig. 21, By increasing the effective time, for 

scenario one, there will be at least %52 half-damaged elements  
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Fig. 22 Damage criteria for 0.007 seconds 

 

 

Fig. 23 Damage criteria for 0.01 seconds 

 

 

in a 1-meter distance and %6 of the half-damaged elements in 

a 5-meter distance, which is significantly more than the results 

of 0.003 seconds. This fact reveals that effective blast time has 

a massive impact on retaining wall damage. The element with 

D=1 has also increased in all scenarios in 0.007 seconds. 

However, after increasing the distance to more than 3 meters, 

almost identical results were observed where the element with 

all damages tipped to zero. Fig. 22 Shows the result for 0.007 

seconds of blasting time. The important conclusion from Fig. 

22 is that, although in all cases, the half-damage in scenario 1 

is more than in other scenarios, the volume with complete 

damage in scenario 2 passes scenario 1, which means that 

more concentrated pressure will apply to the middle of the wall 

in scenario 2 and those the wall tolerate more deformations in 

the middle too; the result will be due to the drift which occurs 

in soil volume, as previously investigated in (Swinton and 

Bergeron 2004). 

As shown in Fig. 22, Raising the blast time to 0.007 

seconds has the most impact on D=0.5 in scenarios two and 

three, where the distance is less than 3 meters. Here, the wall 

has %81 of concrete with less than %50 of damages with 

modified Jonson-Holmquist criterion, while with 0.005 

seconds of blast time, we had almost %90 of concrete with the 

same damages. The same result can be seen for scenario three. 

Also, the deleted elements with %100 damages have been 

raised in three scenarios. Fig. 25 shows the result for 0.01 

blasting time. 

As shown in Fig. 23, By increasing the effective blast time 

and reaching 0.01 seconds, half-damage in scenarios 1 and 2 

will increase significantly in far distances. Meanwhile, the 

complete damage elements in three scenarios have been raised 

too, where we face almost %11 of the deleted zone in the 

nearest distance of scenario one. Like shorter times, scenario 

one has more half-damages in all distances, and scenario two 

has the most elements with D=1 in shorter distances. 

 

 

13. Conclusions 

 

If they were as high as we needed, cantilever Retaining 

walls could make a sound barrier, while generally, they are 

aesthetically pleasing. Hence, whenever an explosion load 

is embedded in the soil, these barrier walls can significantly 

reduce the pressure caused by the explosion, so ultimate 

damage in structures and the vicinity will decrease (Agency 

2003). 

The blast simulation results extensively relate to the soil 

and structure constitutive models and characteristics. This 

fact states the importance of specific soil properties and 

utilization of proper models when assessing the behavior of 

vicinity structures such as concretes in retaining walls 

subjected to surface air of buried explosions. 

Numerical simulation of TNT charge blasts in different 

positions has been challenging for over two decades. The 

current research uses the CEL method to simulate the 

detonation of 500 kg TNT and its effects on the cantilever 

retaining wall. The air, soil, and explosive load are fluid 

phases; therefore, they were modeled with an Euler solver, 

whereas a Lagrange processor is suitable for solid-phase 

and adopted for the concrete retaining wall. In addition, the 

JWL equation, the second version of the Johnson-

Holmquist Equation, and Mohr-Coulomb constitutive law 

models are used to determine TNT's behavior, wall's 

concrete, and soil, respectively. 

The damage rate and shape of deformations observed 

from the current paper match the experimental test. This 

fact reveals that the current code can effectively predict the 

dynamic behavior of cantilever-retaining walls under 

explosion loads. The damage rate caused by the soil mass 

that contacts the cantilever-reinforced wall was extensively 

greater than that caused by the free-air or surface contact 

explosion with the same explosive charge. The same result 

for underwater explosions has been reported by (Zhao et al. 

2018). 

The current outcomes obtained from the simulation of 

the retaining wall are perfect matches with the field test 

results reported by the US Army Corps of Engineers 

(Defense 2008). As expected, the maximum displacement at 

the center of the cantilever wall is greatly affected by the 

stand-off distance, which was also reported by (Lin et al. 

2014). Some conclusions can be drawn as follows: 

• The current numerical simulations match the famous 

experimental tests, which indicate that the fully-coupled 

Euler–Lagrange Interaction method can deal with extensive 

large deformation in soil and walls the model faces in 

explosions. 
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• The values obtained for the peak pressure and blast wave 

arrival time in scenario two, where the charge embedded in 

the soil mass are very close to those reported by (Ambrosini 

and Luccioni 2020). 

• The peak pressure in TNT explosion, the arrival time of 

the force, and the positive phase time are close to those 

reported by Lu et al. (2005).  In that paper, A 2D simulation 

utilizing a combination of SPH and FEM simulation was 

used. 

• Modified Johnson Holmquist's constitutive law model can 

simulate compressive damage elements and effectively 

predict the volumetric strains in concrete elements.  

• The stress-loading rate has a massive effect on the 

compressive damages. The complete damage elements are 

also high whenever the loading rate is very high, especially 

at low distances. When the loading rate is relatively low, 

half-damage elements are raised, signifying compared to 

entirely damaged ones, especially far distances.  

• In the air contact explosion used in scenario one, severe 

blast loads in distances between 1 meter to three meters lead 

to the perforation and concrete failure in the wall; the same 

event occurs in embedded TNT in the 

same distance 

• An obvious wall deformation was observed in the toe of 

the wall in the air blast of scenario one and the middle of 

the wall in scenario two. 

• Free-air blast has the highest half-damage in all distances  

• Soil-embedded blasts have been affected by distance more 

than free-air blasts. Soil-embedded blasts have more 

completely damaged elements at a low distance, while they 

have almost zero elements with half-damages at a distance 

of more than 1 meter. The same result had been reported by 

(Yang et al. 2019) 

• Blast at the soil's surface beside the wall has the lowest 

damage, while the bending moment caused by deformation 

should be considered. 

Overall, by considering the correlation of experimental 

test and numerical results in the current paper, it can be said 

that the proposed finite element procedure, which used the 

fully-coupled Euler–Lagrange Interaction method along 

with the modified Johnson-Holmquist method, can perfectly 

model the concrete damage rate while applying the dynamic 

loads. So, the researchers can predict the failure modes, 

especially in cantilever-reinforced concrete walls. 
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