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Abstract: This paper presents a numerical study to improve the understanding of the complex subject of penetration and perforation 
of concrete targets impacted by low-velocity projectiles. The main focus is on the damage mechanisms and the major factors 
that account for the target resistance of the concrete. An improved continuous surface cap model recently proposed was 
employed. The model was first equipped with element erosion criteria and was adequately validated by comparisons with 
ballistic experiments. Comprehensive numerical simulations were carried out where the individual influence of tensile, shear, 
and volumetric behaviors (pore collapse) of a concrete target on its ballistic performance was investigated. Results demonstrated 
that cratering on the front face and scabbing on the rear face of the concrete target were mainly dominated by its tensile 
behavior. The major target resistance came from the second tunneling stage which was primarily governed by the shear and 
volumetric behaviors of the concrete. Particularly, this study captured the pore collapse-induced damage phenomenon during the 
high-pressure tunneling stage, which has been extensively reported in experiments but has usually been neglected in previous 
numerical investigations.
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1 Introduction 

Concrete is a frequently used material in military 
and civil engineering that may undergo impact and 
blast loads. Failure modes of concrete structures under 
these dynamic loads and the underlying damage mech‐
anisms are thus of great interest and have attracted in‐
tensive attention for many years. For impact loads 
such as the penetration into concrete, numerous inves‐
tigations (Rajput et al., 2018; Goswami et al., 2019; 
Liu et al., 2021; Xu et al., 2021) have been carried out 
during the last decades to enhance the understanding 
of this complicated problem. This study focuses mainly 
on the penetration problem with a numerical study 

performed to investigate the ballistic performance of 
concrete targets impacted by low-velocity projectiles.

It is well acknowledged that the penetration into 
concrete comprises, in general, two relevant problems 
(Hanchak et al., 1992; Yankelevsky, 1997). The first 
problem is penetration into a relatively thin target 
where the target can be perforated by the projectile 
with a residual velocity; the second problem is pene‐
tration into a sufficiently thick target where the projec‐
tile will be stopped within the target with a penetra‐
tion depth considerably smaller than the target thick‐
ness such that no rear face effects can be observed. 
The two related problems have much in common but 
they are significantly different as well. In this study, 
both the problems will be considered. To make it easy 
to follow, we will refer to the first problem as perfora‐
tion and the second problem as penetration.

In studies on the penetration and perforation 
problems (Hanchak et al., 1992; Yankelevsky, 1997; 
Huang et al., 2005; Leppänen, 2006; Wang et al., 
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2007; Forquin et al., 2008, 2015; Kong et al., 2016), 
typical failure modes of a concrete target can be com‐
monly observed. Fig. 1 schematically illustrates the 
failure modes of a concrete target under perforation. 
In general, the whole perforation process can be di‐
vided into three stages. The first stage is associated 
with the entrance phase of the projectile, where crater‐
ing on the front face of the target can be observed. 
The second stage refers to the tunneling region, where 
a tunnel in the center with a size approximate to the 
projectile diameter will be created. The third stage is 
related to the exit phase of the projectile, where scab‐
bing on the rear face is visible. For the penetration 
case, the third stage is generally absent and for some 
perforation cases with very thin targets, only the first 
and the third stages can be found and, the second tun‐
neling stage is not present.

The first point for discussion in this study is the 
damage mechanism behind the failure mode of the tar‐
get during each stage. Discussions related to this topic 
are abundant (Hanchak et al., 1992; Yankelevsky, 
1997; Huang et al., 2005; Leppänen, 2006; Wang et al., 
2007; Chen et al., 2008; Forquin et al., 2008, 2015; Li 
et al., 2013; Kong et al., 2016; Xing et al., 2020); 
however, the opinions are quite controversial. In gen‐
eral, the second, tunneling, stage is well acknowl‐
edged to be associated with shear strength–pressure 
relations, since a triaxial compression stress state with 
high confining pressure is observed in the tunnel 
(Yankelevsky, 1997; Forquin et al., 2008, 2015). How‐
ever, opinions concerning the controlled damage mech‐
anisms in the first and the third stages are divided. On 
the one hand, Hanchak et al. (1992) pointed out that 
both the cratering and scabbing were produced by ten‐
sile spallation. Kong et al. (2016) also suggested that 
both the cratering and scabbing were tension-dominated 
phenomena. On the other hand, Wang et al. (2007) 
believed that the impacted area on the front face was 

primarily under compression and may fail due to high 
pressure, with the cratering on the front face resulting 
from the severe ‘crushing-stress’ together with a par‐
tially reflected tensile stress wave. Forquin et al. 
(2015) also concluded from their experimental results 
and numerical simulations that the cratering was 
mainly related to the ‘confined behavior’ rather than 
the tensile behavior of the target. Moreover, studies 
(Hanchak et al., 1992; Huang et al., 2005; Leppänen, 
2006; Wang et al., 2007; Forquin et al., 2015; Kong 
et al., 2016) indicated that the scabbing on the rear 
face was dominated by the reflected tensile stress 
wave. In addition, researchers (Chen et al., 2008; Li 
et al., 2013; Xing et al., 2020) believed that both the 
shear plugging and tensile spallation appeared almost 
at the same time on the rear face of the target and that 
shear failure rather than tensile failure was dominant.

Based on the literature review presented, the 
damage mechanisms are arguable and further efforts 
are required. Also, at least two aspects should be con‐
sidered. Firstly, the damage mechanism that controls 
the formation of the cratering and the scabbing is not 
clear. To approach this issue, ballistic experiments or 
numerical simulations with well-designed concrete tar‐
gets are needed. The targets in a control group should 
have different mechanical behaviors in a certain as‐
pect and identical behaviors in the other aspects, so 
that the individual influence of the different mechani‐
cal behaviors of the target during different stages can 
be acquired. Secondly, although a triaxial compres‐
sion stress state with high confining pressure is well 
acknowledged in the tunneling region, understanding 
of the damage mechanism during this stage is still in‐
adequate. For instance, the damage mechanism due to 
pore collapse under high pressure is commonly ne‐
glected in most of the existing numerical studies. 
However, Holmquist et al. (1993) pointed out that pore 
collapse under high pressure will cause a great loss of 
cohesive strength of materials. This phenomenon has 
also been mentioned in (Forquin et al., 2008). In addi‐
tion, more recently, the experimental results from Cui 
et al. (2017) indicate that over 50% of the material 
strength and modulus have been lost after the material 
has suffered a hydrostatic loading test with the pres‐
sure up to 500 MPa. Considering the high confining 
pressure observed during the second tunneling stage, 
damage due to pore collapse will be very severe there 
and must be considered in the numerical simulations.

Fig. 1  Typical three-stage failure modes of a concrete 
target under perforation
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Besides the damage mechanisms, opinions upon 
the major factor that accounts for the target resistance 
are also rather controversial and in some cases con‐
flict with the views on the damage mechanisms be‐
hind the failure modes of the concrete target. For in‐
stance, although many researchers (Leppänen, 2006; 
Kong et al., 2016) believed that the cratering and the 
scabbing were tension-dominated phenomena, they 
still suggested that the target resistance was mainly 
determined by the compressive behavior and the strain-
rate-dependent responses of the concrete in compres‐
sion; the contribution of the tensile behavior was ne‐
glected. However, these conclusions were questioned 
by Forquin et al. (2015) through a set of ballistic ex‐
periments and numerical simulations. Forquin et al. 
(2015) concluded from their results that tensile behav‐
ior can strongly influence the concrete target resis‐
tance. Beppu et al. (2008) also pointed out that tensile 
behavior was important.

There have also been many attempts made to 
propose analytical models (Durban and Masri, 2004; 
Masri and Durban, 2005; Rosenberg and Dekel, 2010; 
Rosenberg and Kositski, 2016; Kong et al., 2017a, 
2017b) and empirical formulae (Forrestal et al., 1994, 
1996) to predict the target resistance. More details are 
in the reviews (Li et al., 2005; Yankelevsky, 2017). 
These attempts can be covered generally by two kinds 
of models. The first kind of models are those where 
the unconfined compressive strength of the target ap‐
peared to be the major factor of the target resistance 
(Rosenberg and Dekel, 2010; Rosenberg and Kositski, 
2016). In those models, the predicted penetration 
depth of the projectile was inversely proportional to 
the square root of the unconfined compressive strength. 
However, experimental observations (Hanchak et al., 
1992) have shown that an increase in the unconfined 
compressive strength of a factor of three had a very 
limited influence on the target resistance for impact‐
ing velocities ranging between 300 and 1100 m/s. Ex‐
perimental studies (Yankelevsky, 2017) have also re‐
vealed that concrete targets of similar unconfined com‐
pressive strength demonstrated different ballistic resis‐
tances depending on their different concrete composi‐
tions. These findings indicated that unconfined com‐
pressive strength was insufficient to be the major factor 
of the target resistance. Researchers (Forquin et al., 
2008, 2015; Kong et al., 2017a, 2017b) also argued 
that unconfined compressive strength was not the 
major factor. These debates led to another kind of 

analytical model: the dynamic cavity model (Durban 
and Masri, 2004; Masri and Durban, 2005; Kong 
et al., 2017a, 2017b). In the dynamic cavity model, 
much more complicated mechanical behaviors of the 
target were required to describe the target resistance, 
including deviatoric behaviors (shear strength–pressure 
relations) and volumetric behaviors (volumetric strain–
pressure relations).

In light of the literature review, more efforts are 
still required to understand the major factor that ac‐
counts for the target resistance and that is the second 
point that the current study will discuss. More atten‐
tion should be focused on at least two aspects related 
to the target resistance. Firstly, whether the uncon‐
fined compressive strength is sufficient or the com‐
plex shear and volumetric behaviors considered in the 
analytical models are necessary, should be further 
discussed. Secondly, although tensile behaviors can 
strongly influence the formation of the cratering and 
the scabbing, the influence of tensile behaviors on tar‐
get resistance has been commonly neglected and needs 
to be further investigated.

This study aims at enhancing the understanding 
of these two points especially in the detailed four 
aspects discussed above. It must be pointed out that 
to explore these issues experimentally needs well-
designed concrete targets and a high number of exper‐
iments to improve the statistics; these are not easy 
and are generally expensive. Numerical simulation 
naturally has advantages in dealing with these issues 
thanks to the rapid development of computational 
power, numerical methods, and constitutive models. 
As for the constitutive models for studying the com‐
plex penetration and perforation problems, the physi‐
cal mechanisms of the concrete due to microcracks 
and pores as well as their combinations should be 
considered. In this study, the concrete model recently 
proposed by Huang et al. (2021) is adopted with 
minor modifications. This model can well capture 
the mechanical behaviors of rock and concrete ma‐
terials under complex stress states. In particular, 
three damage mechanisms are considered: hydro‐
static damage due to pore collapse under high pres‐
sure, shear damage due to shear-induced microcrack‐
ing, and tensile damage due to tensile microcracking. 
This model will first be equipped with element ero‐
sion criteria and then sufficiently validated by com‐
parisons with ballistic experiments before the numeri‐
cal study.

163



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(2):161-182

It should be mentioned that this study focuses on 
the ballistic performances of conventional concrete 
materials. Fiber-reinforced concrete and ultrahigh-
performance concrete are not included. In addition, a 
plastic-damage constitutive model within the frame‐
work of the finite element method is employed to pre‐
dict the different damage phenomena (tensile, shear, 
and volumetric) during the projectile’s impact on the 
concrete material. The finite element method, incorpo‐
rating a well-developed constitutive material model, 
has been frequently used in predicting the damage 
and failure of concrete materials subjected to impact 
and blast loadings. However, there are also many other 
numerical methods, such as the discrete cohesive 
zone model (Feng et al., 2018; de Maio et al., 2022) 
or the phase field method (Nguyen et al., 2022), that 
have been proposed and show good performances in 
capturing crack patterns and failure modes in concrete 
materials. These numerical methods provide good al‐
ternatives and can also be considered in the future.

The remainder of this paper is structured as fol‐
lows: in Section 2, a brief description of Huang et al. 
(2021)’s concrete model will be presented; in Section 3, 
Huang et al. (2021)’s concrete model will be fully val‐
idated with inclusion of parameter calibrations, ele‐
ment erosion criterion effects, mesh size effects, and 
comparisons with ballistic experiments; in Section 4, 
a numerical study will be presented where the individ‐
ual influence of the tensile, volumetric, and shear be‐
haviors of the target on ballistic performance will be 
investigated; in Section 5, there is a discussion upon 
the two main points especially in respect of the de‐
tailed four aspects mentioned above, and some con‐
clusions are drawn.

2 Constitutive model 

A brief introduction to Huang et al. (2021)’s con‐
crete model is presented in this section, including the 
plastic model and damage model. With minor modifi‐
cations, this concrete model will be adopted for the 
numerical study.

2.1 Plastic model

In Huang et al. (2021)’s concrete model, a three-
invariant yield function f is used to trigger the initia‐
tion of plasticity, which is formulated as:

f = J2 - r′ 2 F 2
f Fc (1)

where J2 is the second invariant of the deviatoric 
stress tensor. Y = r′ 2 F 2

f Fc is defined as the failure 
function, which comprises three different portions, 
i.e., r′ 2, F 2

f , and Fc. Ff is the fracture function used to 
describe the shear strength under triaxial compression 
stress states. Fc is the cap function used to account for 
the shear strength decrease due to pore collapse under 
high pressure. r′ is the ratio of the current meridian to 
the compressive meridian, which is used to allow for 
the Lode-angle dependence.

In Huang et al. (2021)’s concrete model, the frac‐
ture function Ff is defined as

Ff =

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

3
2ψ

( )P + T     0 ≤ P < fc 3 

3
3 ( )fc +

P - fc 3
a1 + a2 P

    P ≥ fc 3 

(2)

where P denotes the hydrostatic pressure. fc is the un‐
confined compressive strength and T is the uncon‐
fined tensile strength. a1 and a2 are strength parame‐
ters which should be calibrated through the triaxial 
compression test data. ψ represents the ratio of tensile 
meridian to compressive meridian, which is related to 
P. The piecewise function ψ for concrete materials 
suggested in (Nguyen et al., 2022) is adopted in this 
study, which reads as:

ψ ( P) =

ì
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0.5    P = 0

0.5+  1.5T fc     P =
fc

3


1.15  [ ]1+1.3 ( )3a1 + 2.3a2 fc       P=
2.3fc

3

0.753    P = 3fc

1    P ≥ 8.45fc.



(3)

Note that linear interpolation will be used to de‐
termine the value of ψ under different pressure levels 
when coding the material models.

The cap function Fc is non-dimensional, and 
ranges between zero and unity. In Huang et al. (2021)’s 
concrete model, Fc is defined as
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Fc( I1k ) =
ì

í

î

ïïïï

ïïïï

1    I1 < k

1 - ( )I1 - k
X (k)- k

2

    I1 ≥ k
(4)

where I1 is the first invariant of the stress tensor and k 
is an internal variable. X(k) is a function of the inter‐
nal variable k, which is formulated as:

X (k)= k +RFf(k )  (5)

where R is a material constant. The relationship be‐
tween X(k) and k given in Eq. (5) determines the shape 
of the cap function. The function Ff(k) in Eq. (5) is de‐
termined by substituting the pressure P in Eq. (2) with 
one-third of the internal variable k, which is then for‐
mulated as:

Ff (k)=

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

3
2ψ

( )k/3 + T   0 ≤ k < fc

3
3 ( )fc +

k/3 - fc /3
a1 + a2k/3

  k ≥ fc.

(6)

The ratio of the current meridian to the compres‐
sive meridian r′ is defined as

r′(θψ) =

2( )1 -ψ2 cos θ+ ( )2ψ - 1 4( )1 -ψ2 cos2θ + 5ψ2 - 4ψ

4( )1 -ψ2 cos2θ + (1 - 2ψ)2


(7)

where θ denotes the Lode-angle.
Numerous investigations (Rossi, 1991) have re‐

vealed that under high strain-rate conditions, concrete 
material has much higher strength than that under 
quasi-static loadings. One cause of the strain-rate ef‐
fect is associated with the free water in the capillary 
pores of the concrete. Due to the presence of free 
water, opposed viscous forces will be generated to de‐
lay or prevent the propagation of the microcracks and, 
at the macroscopic level, the material strength and 
stiffness increase (Huang et al., 2020). To account 
for the strain-rate effect, the radial enhancement 
approach is adopted, with the failure function Y en‐
hanced as:

Y = r 2
DIF × Y ( P/rDIF)  (8)

where rDIF represents the ratio of dynamic strength to 
static strength and DIF is the dynamic increase factor.

As for the relationship between rDIF and strain 
rate, Huang et al. (2020) have proposed a concise 
semi-empirical formula with three material parameters:

rDIF = 1.0 + αeβ ( )log ( )ε̇/ε̇0 - χ  (9)

where ε̇ is the strain rate and ε̇0=1 s−1 is the reference 
strain rate. α, β, and χ are material parameters used to 
match with the test data. For concrete materials, the 
suggested values are α=0.7, β=0.45, and χ=1.7. Be‐
cause of the lack of test data, and to avoid overestima‐
tion, a constant value of 3.0 is set for strain rates ex‐
ceeding 1×104 s−1. Only the strain-rate effect for com‐
pression is considered here. That is because the strain-
rate effect for tension is naturally considered in the 
Taylor-Chen-Kuszmaul (TCK) model (Taylor et al., 
1986) which has been completely incorporated into 
Huang et al. (2021)’s concrete model.

In addition, one may find that the defined plastic 
model is mainly dependent on the compressive 
strength fc of the concrete material. In this way, the 
performance of the proposed model in predicting the 
mechanical behaviors in compression is highly depen‐
dent on fc. Thus, fc of the concrete material should be 
well calibrated.

2.2 Damage model

The major contribution of Huang et al. (2021)’s 
concrete model is the establishment of three damage 
mechanisms of rock-like materials, which are hydro‐
static damage due to pore collapse, shear damage due 
to shear-induced microcracking, and tensile damage 
due to tensile microcracking. In this section, the three 
damage mechanisms will be briefly introduced.

Hydrostatic damage is proposed to account for 
the degradation of material properties due to pore col‐
lapse. This has been neglected in most of the other ex‐
isting material models. The hydrostatic damage for 
concrete materials can be attributed to two factors. 
Firstly, concrete is typically a heterogeneous material. 
Unlike in some homogeneous materials, such as met‐
als, stress concentrations and strain localizations will 
occur in concrete even under purely hydrostatic load‐
ing. As a result, the material can be damaged. Sec‐
ondly, concrete is a porous material. Pores will be col‐
lapsed under high pressure, accompanied by a great 
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loss of cohesive strength—as pointed out in (Hol‐
mquist et al., 1993; Cui et al., 2017). Considering 
these two aspects, the hydrostatic damage in Huang 
et al. (2021)’s concrete model is formulated based on 
the irreversible plastic volumetric strain (plastic com‐
paction). In a cap model, the following isotropic hard‐
ening rule is commonly used to update the internal 
variable k and to calculate the irreversible plastic volu‐
metric strain:

εp
v =W (1 - e-D1( )X (k)-X0 -D2( )X (k)-X0

2 )  (10)

where εp
v is the current plastic volumetric strain caused 

exclusively by pore collapse based on the current 
pressure level. W is the maximum plastic volumetric 
strain that is generally approximate to the initial po‐
rosity of the material. εp

v will be equal to W when all 
the pores have collapsed. X0 corresponds to the initial 
I1, beyond which pores start to collapse. D1 and D2 are 
shape parameters, which should be determined by 
the hydrostatic compression test data. Then the hy‐
drostatic damage Dc is proposed as:

Dc =
εp

vmax - εp
v

W
 (11)

where εp
vmax is the maximum plastic volumetric strain 

reached and depends on the maximum pressure level 
that the material has experienced.

As opposed to plastic compaction due to pore 
collapse, the shear will cause plastic dilatation to over‐
come the incompatibilities on the microcrack surfaces. 
In Huang et al. (2021)’s concrete model, the shear 
damage is formulated based on the growth of the plas‐
tic dilatation. To formulate the shear damage, a modi‐
fied equivalent plastic volumetric strain λ is proposed 
as a function of the plastic dilatation, and is repre‐
sented by:

λ =∑ dε̄p
v

ζ1 (T fc + P fc )
ζ2
 (12)

where dε̄p
v = dεpd

v dεpd
v  is the effective plastic volu‐

metric strain and dεpd
v  is the plastic dilatation incre‐

ment which can be determined by the volumetric 
form of the flow rule. ζ1 and ζ2 are two material pa‐
rameters related to shear damage evolution. Then, the 
shear damage Ds is defined as

Ds =
λ

λ + 1
. (13)

To describe the tensile behavior of concrete, the 
TCK continuum damage model (Taylor et al., 1986) 
has been completely incorporated into Huang et al. 
(2021)’s concrete model. In the TCK model, the ten‐
sile damage is formulated based on the crack density 
Cd, which is formulated based on the current pressure 
level and defined as

Cd =
5
2

k t

( )3K
m ( KIC

ρC ) 2

Pm ε̇-2
v  (14)

where kt and m are material constants. K is the bulk 
modulus. KIC is the fracture toughness of the material. 
ρ is the mass density and C is the uniaxial wave 
speed. ε̇v is the volumetric strain rate depending on 
which the strain-rate effect in tension is considered. 
Then, the tensile damage Dt is formulated as a func‐
tion of Cd, as follows:

D t =
16
9 ( 1 - ν̄2

1 - 2ν̄ )Cd (15)

where ν̄ is the degraded Poisson’s ratio.
A core task in establishing different damage 

mechanisms is to identify their borders so that the es‐
tablished damage mechanisms will not intersect each 
other. In the present study, three damage mechanisms 
are considered, with the first two (hydrostatic damage 
and shear damage) related to stress states in compres‐
sion, and the third one (tensile damage) associated 
with stress states in tension. In the computational 
codes, pressure is used to distinguish the stress states 
with P>0 for compression and P<0 for tension. Hence, 
the tensile damage can be easily distinguished, which 
will not intersect those in compression. Further, as dis‐
cussed above, the hydrostatic damage and shear dam‐
age are generated by different physical mechanisms 
and accumulated exclusively with the corresponding 
plastic deformation, and hence they will not intersect 
each other. In this way, the three damage mechanisms 
are mutually independent and will not intersect each 
other.

In this study, the way the damage index degrades 
the stress tensor is different from that in the original 
Huang et al. (2021)’s concrete model. A total damage 
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Dtot is proposed based on the hydrostatic damage Dc, 
shear damage Ds, and tensile damage Dt, and is formu‐
lated as:

D tot =
ì
í
î

1 - (1 -D t )(1 -Ds )(1 -Dc )    P < 0
1 - (1 -Ds )(1 - sc Dc )    P ≥ 0

(16)

where sc is a material parameter. Dtot has different 
forms for tension with pressure P<0 and for compres‐
sion with pressure P≥0. For tension, previous study 
(Batzle et al., 1980) has shown that previous damage 
in compression will weaken the subsequent tensile be‐
havior. Therefore, through the definitions of Dtot in 
Eq. (16), Dt is ‘strengthened’ by Ds and Dc. For in‐
stance, imagine that the concrete experiences com‐
pressive loadings firstly with Ds=0.5 and Dc=0 or Dc=
0.5 and Ds=0, and then after that the concrete suffers 
from tensile loadings with Dt=0.5. The total damage 
Dtot based on Eq. (16) will be 0.75, which is higher 
than Dt=0.5 and thus can yield weaker tensile behav‐
ior. For compression, Dt is absent which means that 
the previous tensile damage will not affect the subse‐
quent compressive behavior. It is mainly due to the 
microcrack closure effect (Batzle et al., 1980; Zhu 
and Arson, 2014), which is represented by the tensile 
microcracks that can be reclosed upon load reversal; 
consequently, the degraded compressive strength and 
modulus can be recovered. On the other hand, hydro‐
static damage can influence the compressive behav‐
iors. In addition, based on the experiments (Cui et al., 
2017) and our previous study (Huang et al., 2021), it 
is found that the influence of hydrostatic damage is 
more severe on the tensile behavior compared with 
the compressive one. This accounts for the existence 
of the material parameter sc in Eq. (16) for compres‐
sion. Based on experiments (Cui et al., 2017) and our 
previous study (Huang et al., 2021), sc=0.6 is suggest‐
ed and will be used in this study.

Finally, the stress tensor will be degraded by the 
total damage through:

σ n + 1 = σ n + 1
p (1 -D tot)  (17)

where σ n + 1 is the updated stress tensor that will be re‐
turned to the host code and σ n + 1

p  is the stress tensor up‐
dated from the plastic model for compression or the 
elastic model for tension.

3 Comparison with ballistic experiments 

A set of well-designed penetration and perfora‐
tion experiments into plain concrete slabs with the 
projectile data recorded was presented in (Forquin 
et al., 2015). Damage profiles of the concrete targets 
were also given based on topographic analysis. In this 
study, a numerical study based on these ballistic ex‐
periments will be carried out. Before the numerical 
study, the adopted Huang et al. (2021)’ s concrete 
model will be sufficiently validated in this section by 
comparisons with the experimental results in (Forquin 
et al., 2015). Approaches to calibrate the required pa‐
rameters are given. Element erosion criteria are intro‐
duced into Huang et al. (2021)’s concrete model. In‐
fluences of the element erosion criterion and mesh size 
of the concrete target are presented.

3.1 Parameter calibration

There are in total 17 material parameters required 
in Huang et al. (2021)’ s concrete model. These pa‐
rameters can be classified into four categories. Ap‐
proaches for determining these parameters will be dis‐
cussed here.

The first category contains the common material 
parameters including the mass density ρ, Young’s 
modulus E, Poisson’s ratio ν, compressive strength fc, 
and tensile strength T. These parameters can be ob‐
tained relatively easily. Table 1 summarizes these pa‐
rameters that will be used in the numerical simula‐
tions. ρ and E are acquired from the experiments in 
(Forquin et al., 2015), while fc and T are empirically 
determined in (Kong et al., 2018) based on Young’s 
modulus. A commonly used value of ν, i.e., 0.2, is ad‐
opted for the concrete.

The second category contains the shear behavior 
related parameters, including strength parameters a1 
and a2 in the fracture function, and shear damage evo‐
lution parameters ζ1 and ζ2. a1 and a2 should be deter‐
mined by matching with the triaxial compression test 
data. A set of triaxial compression test data for con‐
crete (Xie et al., 1996; Hou, 2006; Xiong, 2009) with 
similar material properties to that used in the ballistic 
experiments of Forquin et al. (2015) has been col‐
lected, as shown in Fig. 2a. With these test data, a1 
and a2 have been calibrated to be a1=0.5876 and a2=
0.025/fc. ζ1 and ζ2 can be determined by the softening 
portion of the strain–stress curves in an unconfined 
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uniaxial compression test. The suggested values for ζ1 
and ζ2 are 0.02 and 1.5, respectively.

The third category contains the volumetric be‐
havior related parameters, including the hardening 
parameters W, R, X0, D1, and D2. These parameters 
should be determined by the hydrostatic compression 
test data. A set of hydrostatic data for concrete is 
available in (Forquin et al., 2015); however, it lacks 
the unloading stage that is important to demonstrate 
the hydrostatic damage mechanism proposed in Huang 
et al. (2021)’s concrete model. In view of this, the vol‐
umetric strain–pressure curve for concrete with the 
unloading process from experiments (Cui et al., 2017) 
is adopted to calibrate these parameters. By match‐
ing with the test data, the hardening parameters are 
calibrated with W=0.06, R=6, X0=102 MPa, D1=1.22×
10−10 Pa−1, and D2=1.00×10−18 Pa−2. The predicted 

volumetric strain–pressure curves by Huang et al. 
(2021)’s concrete model, with and without consider‐
ation of Dc, together with test data (Cui et al., 2017) 
are depicted in Fig. 2b. Differences exist in the un‐
loading process. By inspection of Fig. 2b, one may 
find that predictions with Dc can reflect the bulk mod‐
ulus degradations during the unloading process, and 
are very consistent with the test data. However, pre‐
dictions without Dc are linear and parallel to the initial 
loading stage with no degradations of the bulk modu‐
lus, which is inconsistent with the test data. This phe‐
nomenon demonstrates the need to consider the hy‐
drostatic damage due to pore collapse.

The fourth category contains the tensile behavior 
related parameters, including material constants kt and 
m, and the fracture toughness KIC. Approaches to de‐
termine these parameters have been fully discussed in 
the TCK model (Taylor et al., 1986). The widely used 
parameters for concrete, as suggested in (Huang et al., 
2005; Wang et al., 2007), are adopted here, with kt=
5.753×1021 m−3, m=6, and KIC=2.74×106 Pa·m0.5.

All the determined or suggested parameters for 
Huang et al. (2021)’s concrete model are summarized 
in Table 1 and will be used in this study.

3.2 Numerical model

In the penetration and perforation experiments 
presented in (Forquin et al., 2015), a steel projectile 

Fig. 2  Behaviors of concrete under high confining pressure 
and fitting curves for Huang et al. (2021)’s model: (a) shear 
behaviors; (b) volumetric behaviors

Table 1  Material parameters of the current model for 

concrete

Category
Common parameter

Shear parameter

Volumetric parameter

Tensile parameter

Parameter
ρ (kg/m3)

E (GPa)

ν

fc (MPa)

T (MPa)

a1

a2

ζ1

ζ2

W

R

X0 (MPa)

D1 (Pa−1)

D2 (Pa−2)

kt (m
−3)

m

KIC (Pa·m0.5)

Description
2390

42

0.2

35

3.2

0.5876

0.025/fc

0.02

1.5

0.06

6

102

1.22×10−10

1.00×10−18

5.753×1021

6

2.74×106
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with filler was launched into a cylindrical unreinforced 
concrete target. The ogive-nosed steel projectile was 
52 mm in diameter and 300 mm in length, with a 
mass of 2.4 kg. For the penetration case, the concrete 
target was 800 mm in thickness and was impacted by 
the projectile with an initial velocity of 347 m/s. For 
the perforation case, the concrete target was 300 mm 
in thickness and was impacted by the projectile with 
an initial velocity of 333 m/s. In both cases, the con‐
crete targets were 800 mm in diameter. The cylindri‐
cal concrete targets were surrounded by steel rings to 
constrain the radial displacement. In the present study, 
both the penetration and perforation cases are simu‐
lated. Fig. 3 presents the numerical models. Consider‐
ing the symmetry of the experiments, only 1/4 of the 
concrete target, the steel projectile, and the steel rings 
are simulated to save the computational time. Sym‐
metric boundary conditions are applied on the sym‐
metric planes. The steel projectile and the steel rings 
are taken as rigid bodies. The penalty method avail‐
able in LS-DYNA is implemented here to define the 
contact behaviors. Specifically, the keyword ‘contact 
erosion surface to surface’, is employed to describe 
the interaction between the concrete target and the 
steel projectile, as well as between the concrete target 
and the steel rings.

3.3 Influence of friction, element erosion, and mesh 
size

3.3.1　Frictional effect

Studies (Forquin et al., 2015; Zhao and Wen, 
2018) have pointed out that friction should be consid‐
ered when conducting impacting simulations. The 

frictional effect can be introduced easily through the 
contact algorithm available in LS-DYNA. The equa‐
tion to describe the friction is formulated as:

μc =FD + (FS -FD )e-γ ×Vrel (18)

where μc is the coefficient of friction. FD is the dynamic 
coefficient of friction and FS is the static coefficient of 
friction. Vrel is the relative velocity of the surface in 
contact and γ is the exponential decay coefficient. The 
values of these coefficients based on research (Forquin 
et al., 2015; Zhao and Wen, 2018) are used, i.e., FD=
0.05, FS=0.5, and γ=0.07.

3.3.2　Element erosion criterion

Within the finite element method, the element 
erosion criterion is critical and is used not only to trig‐
ger the initiation and growth of cracks but also to 
delete the distorted elements. Otherwise, the failure 
of concrete structures subjected to dynamic loadings 
always involves large strain which results in the mesh 
entanglement and distortion that can prematurely 
terminate the numerical analysis. In the original 
Huang et al. (2021)’ s concrete model, the element 
erosion criterion was absent since no numerical sim‐
ulations at a structural level were involved. In this 
study, the element erosion criterion will be intro‐
duced into Huang et al. (2021)’s concrete model as 
follows.

For compression with pressure P≥0, the element 
will be deleted when a selected function λt is larger 
than a user-defined value λf

c. In this study, the selected 
function λc is defined based on the effective volumet‐
ric strain, as follows:

λc =∑ dεpd
v dεpd

v . (19)

By the definition of Eq. (19), the element will be 
deleted with the presence of severe volumetric defor‐
mation. The user-defined value λf

c should be deter‐
mined by comparisons with the experimental data. 
For tension with pressure P<0, the element will be de‐
leted when Dt is larger than 0.5. This element erosion 
criterion for the TCK model has been examined in 
many previous studies (Huang et al., 2005; Wang et al., 
2007), where reasonable predictions can be obtained. 
Hence, this element erosion criterion for tension will 
also be adopted here.

Fig. 3  Numerical models of the ballistic experiments: (a) 
300 mm thin concrete target perforated by a projectile at 
333 m/s; (b) 800 mm thick concrete target penetrated by a 
projectile at 347 m/s
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Test data of the projectile velocity–time histories 
for the perforation case are used to determine the λf

c 
for the element erosion criterion in compression. Fig. 4 
presents the predicted projectile velocity– time histo‐
ries with λf

c=0.20, 0.26, and 0.30, together with the 
test data. It is found that different user-defined values 
of λf

c can strongly affect the projectile velocity–time 
histories. With the increase of λf

c, the residual velocity 
of the projectile decreases. On the whole, the predic‐
tions with λf

c=0.26 are more consistent with the test 
data. Hence, hereinafter, λf

c=0.26 and Dt=0.5 (Huang 
et al., 2005; Wang et al., 2007) will be adopted to de‐
lete the distorted elements.

3.3.3　Mesh size effect

The influence of mesh size for the concrete tar‐
get is evaluated. The predicted projectile velocity–
time histories for the perforation case with mesh sizes 
of 2.5, 4.0, and 6.0 mm are presented in Fig. 5. Very 
similar results are obtained for the three mesh sizes 
and, with the increase of the mesh size, the residual 
velocity of the projectile decreases slightly. For a sake 
of balance between efficiency and accuracy, a mesh 
size of 4.0 mm for the concrete target will be used.

3.4 Comparison and validation

With the parameters summarized in Table 1, the 
numerical models illustrated in Fig. 3, the element 
erosion criterion discussed in Section 3.3.2, and the 
mesh size of 4.0 mm for the concrete target deter‐
mined in Section 3.3.3, numerical simulations for both 

the perforation and penetration cases are carried out. 
Figs. 6 and 7 present comparisons between numerical 
predictions and experimental results for failures in 
concrete targets after impacts for the perforation and 
penetration cases, respectively. For the perforation case 
with a 300 mm thin concrete target impacted by a pro‐
jectile at 333 m/s, as shown in Fig. 6, the three typical 
failure modes can be clearly observed, i.e., cratering 
on the front face, tunneling in the center, and scabbing 
on the rear face. The numerically predicted failure pat‐
terns shown in Fig. 6b are reasonably consistent with 
those obtained experimentally and illustrated in Fig. 6c. 
For the penetration case with an 800 mm thick concrete 
target impacted by a projectile at 347 m/s, as shown 
in Fig. 7, the scabbing on the rear face is absent since 
the projectile will not perforate the concrete target. 
However, the cratering on the front face and the tunnel‐
ing region can still be clearly seen. Again, the fail‐
ure patterns obtained numerically and experimentally, 
shown in Figs. 7b and 7c respectively, agree well.

Comparisons between numerical predictions and 
experimental data for the projectile data for both the 
perforation and penetration cases are presented in Fig. 8. 
One may find that the numerically predicted projec‐
tile data including the acceleration–time histories, the 
velocity–time histories, and the penetration depth–time 
histories are very consistent with the corresponding ex‐
perimental data. Furthermore, by inspection of Figs. 6 
and 8a for the perforation case, there are three obvious 
stages in the projectile acceleration–time histories, 
which correspond to the three failure modes shown 
in Fig. 6:

Fig. 4  Influence of element erosion criterion on the projectile 
velocity–time histories for a 300 mm concrete target 
perforated by a steel projectile at 333 m/s

Fig. 5  Influence of the mesh size for the concrete target on 
the projectile velocity–time histories for a 300 mm concrete 
target perforated by a steel projectile at 333 m/s
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(1) The first stage (entrance phase). This stage is 
from the start to 300 μs. In this stage, the projectile ac‐
celeration increases linearly. This stage generally cor‐
responds to the entrance phase of the projectile; the 
typical failure mode, i.e., cratering on the front face of 
the concrete target, belongs to this stage.

(2) The second stage (tunneling in the center). 
This stage is from 300 to 750 μs. In this stage, it is ob‐
served that the projectile acceleration is almost con‐
stant. Tunneling in the center of the concrete target be‐
longs to this stage and the size of the tunnel is approx‐
imately the projectile diameter.

Fig. 6  Comparisons between numerical predictions and experimental results for the concrete targets after impacts for 
the perforation case: (a) numerically predicted damage profiles (section view); (b) numerically predicted failure patterns 
(section view); (c) experimentally obtained failure patterns (topographic analysis). References to color refer to the online 
version of this figure

Fig. 7  Comparisons between numerical predictions and experimental results for the concrete targets after impacts for 
the penetration case: (a) numerically predicted damage profiles (section view); (b) numerically predicted failure patterns 
(section view); (c) experimentally obtained failure patterns (topographic analysis). References to color refer to the online 
version of this figure
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(3) The third stage (exit phase). After 750 μs 
comes the third stage. In this stage, the projectile 
acceleration decreases almost linearly. This stage is 
generally accompanied by the exit phase of the pro‐
jectile; the typical failure mode, i.e., scabbing on 
the rear face of the concrete target, belongs to this 
stage.

Very similar results can be observed for the pene‐
tration case except for the absence of the third stage 
(exit phase). As shown in Fig. 8c, there are two stages 
in the acceleration–time histories of the projectile. 
The first stage corresponds to the entrance phase of 
the projectile, from the start to 300 μs, and the accel‐
eration of the projectile increases linearly. Cratering 
on the front face of the concrete target can also be ob‐
served in this stage, as shown in Fig. 7. After 300 μs 
comes the second stage (around 300–1300 μs). Again, 
in this stage, the projectile acceleration is almost 

constant. Tunneling with size approximate to the pro‐
jectile diameter can be observed.

4 Numerical study 

The good performance of Huang et al. (2021)’ s 
concrete model demonstrated in the ballistic simula‐
tions above is the solid foundation of the numerical 
study performed in this section. The major two points 
and especially the detailed four aspects discussed pre‐
viously will be investigated. The numerical study is 
arranged by changing the mechanical behaviors of the 
target in one aspect while those in the other aspects re‐
main unchanged. In this way, the individual influence 
of the tensile, volumetric, and shear behaviors of the 
target on its ballistic performance can be accessed. 
Some interesting findings are obtained.

Fig. 8  Comparisons of projectile data between numerical predictions and experimental data: projectile acceleration–time 
histories (a) and projectile velocity–time histories (b) for the perforation case; projectile acceleration–time histories (c) 
and penetration depth–time histories (d) for the penetration case
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4.1 Influence of tensile behavior

In Huang et al. (2021)’s concrete model, the ten‐
sile behavior is completely described by the TCK 
model. Tensile behaviors including the strain-rate ef‐
fect and the tensile damage evolution are governed by 
parameters kt, m, and KIC. Changing some of them, the 
concrete will show different tensile behaviors no mat‐
ter which of them is changed. To investigate the influ‐
ence of the tensile behavior, five different tensile pa‐
rameter schemes are arranged, as listed in Table 2. In 
the arrangement, parameters m and KIC are maintained, 
with kt ranging between 5.753×1019 and 5.753×1023 
(one may also choose to change one of the other pa‐
rameters and maintain the other two). A larger kt yields 
weaker tensile behaviors represented by lower tensile 
strengths and higher damage growth rates. Consider‐
ing this, the five tensile parameter schemes in Table 2 
are marked with ‘Low’, ‘Med low’, ‘Normal’, ‘Med 
high’, and ‘High’, based on the tensile behaviors be‐
hind the schemes. One may thus gain an insight into 
the influence of the five parameter schemes through 
the predicted strain–stress relations of an unconfined 
uniaxial tension test with a strain rate of 10 s−1 shown 
in Fig. 9. Then, with the five tensile parameter 
schemes, numerical simulations for both the perfora‐
tion and penetration cases are conducted. It is worth 
noting that, except for the tensile parameters stated in 
Table 2, all the other parameters used in this section 
are the same as those summarized in Table 1.

With regard to the target resistance, the projectile 
data for both the perforation and penetration predicted 
with tensile parameter schemes marked with ‘Low’, 
‘Normal’, and ‘High’ are presented in Fig. 10. For the 
perforation case, by inspection of Fig. 10a, it is found 
that before 750 μs, the projectile acceleration–time 
histories of the three parameter schemes are almost 

the same. However, after 750 μs, deviations appear. 
With the tensile parameter schemes varying from 
‘Low’ to ‘Normal’, and to ‘High’, the projectile accel‐
eration shows a great increase. Together with the dis‐
cussion in Section 3.4, one may conclude that for the 
target resistance, tensile behaviors show very limited 
influences on the first cratering stage and the second 
tunneling stage. However, for the third scabbing 
stage, tensile behaviors play a key role. The projectile 
velocity–time histories illustrated in Fig. 10b show 
a similar tendency with differences appearing after 
750 μs. Furthermore, with the tensile parameter 
schemes varying from ‘Low’ to ‘High’, the residual 
velocities of the projectile decrease dramatically, which 
indicates that tensile behaviors play an important role 
in accounting for the target resistance for a perfora‐
tion case. The detailed residual velocities of the pro‐
jectile can also be found in Table 3, where quantita‐
tive comparisons of the residual velocity, penetration 
depth, cratering size, and scabbing size are presented 
for the five tensile parameter schemes.

For the penetration case, as shown in Fig. 10c, 
the projectile acceleration–time histories of the three 
tensile parameter schemes are almost identical. It is 
because the penetration case only comprises the first 
two stages, where tensile behaviors are not important, 
while the third stage where tensile behaviors play a 
major role is absent. Likewise, the penetration depths 
shown in Fig. 10d and summarized in Table 3 for dif‐
ferent tensile parameter schemes are very close. In 
this context, one may conclude that tensile behaviors 
have very limited influence on the target resistance 

Table 2  Five different tensile parameter schemes for 

investigating the influence of concrete tensile behavior on its 

failure modes and penetration resistance against impacts

Scheme

Low

Med low

Normal

Med high

High

kt (m
−3)

5.753×1023

5.753×1022

5.753×1021

5.753×1020

5.753×1019

m

6

6

6

6

6

KIC (Pa·m0.5)

2.74×106

2.74×106

2.74×106

2.74×106

2.74×106

Fig. 9  Predicted strain–stress relations of an unconfined 
uniaxial tension test for five different parameter schemes 
as summarized in Table 2
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for a penetration case. This conclusion is in common 
with most of the existing analytical models and empir‐
ical formulae where the influence of tensile behaviors 
is commonly ignored when formulating the target re‐
sistance and penetration depth (Rosenberg and Dekel, 
2010; Kong et al., 2017a).

As for the influence of tensile behaviors on the 
failure modes of the target, the failure patterns of the 

target predicted associated with the five tensile param‐
eter schemes are illustrated in Fig. 11. It is found that 
both the cratering on the front face and the scabbing 
on the rear face are strongly affected by the tensile be‐
haviors. By inspection of Fig. 11 and Table 3, it is 
found that in general, stronger tensile behaviors of the 
target yield smaller sizes of both the cratering and the 
scabbing.

Fig. 10  Influence of concrete tensile behavior on the projectile data: projectile acceleration–time histories (a) and projectile 
velocity–time histories (b) for the perforation case; projectile acceleration–time histories (c) and penetration depth–time 
histories (d) for the penetration case

Table 3  Influence of concrete tensile behavior on its impact resistance and failure modes

Scheme

Low
Med low
Normal

(baseline)
Med high
High

300 mm thin concrete targets perforated by
333 m/s projectile

Residual velocity (m/s)
131.3 (+48.0%)
117.1 (+32.0%)

88.7 

87.9 (−0.9%)
42.5 (−52.1%)

Cratering size (mm)
461.3 (+23.1%)
396.4 (+5.8%)

374.8

367.1 (−2.1%)
266.7 (−28.8%)

Scabbing size (mm)
720.7 (+78.6%)
518.9 (+28.6%)

403.6

381.7 (−5.4%)
302.7 (−25.0%)

800 mm thick concrete targets penetrated by 
347 m/s projectile

Penetration depth (mm)
0.2719 (+0.7%)
0.2723 (+0.9%)

0.2699

0.2694 (−0.2%)
0.2655 (−1.6%)

Cratering size (mm)
417.4 (+4.3%)
446.1 (+11.4%)

400.3

389.4 (−2.7%)
382.3 (−4.5%)

Values given in brackets refer to the differences relative to the ‘Normal’ scheme
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4.2 Influence of volumetric behavior

In Huang et al. (2021)’s concrete model, the vol‐
umetric behavior of the concrete involves two as‐
pects, i.e., compaction behaviors described by the 
pressure versus volumetric strain, and the hydrostatic 
damage due to pore collapse. Both aspects are gov‐
erned by the isotropic hardening rule formulated in 
Eq. (10). The volumetric behavior is controlled by the 
following five parameters: W, R, X0, D1, and D2. Five 
volumetric parameter schemes are arranged, as listed 
in Table 4. In the arrangement, parameters W, R, X0, 
and D1 are unchanged, with parameter D2 ranging be‐
tween 0.50×10−18 and 1.50×10−18. A higher D2 will pro‐
duce lower compaction behaviors and higher hydro‐
static damage growth rates. One may gain an insight 
into the influence of D2 through the predicted pressure 
versus volumetric strain, and the growth of hydrostatic 
damage with pressure, which are shown in Fig. 12. 
Then, numerical simulations for both the perforation 
and penetration are carried out. Likewise, except for 
the volumetric parameters stated in Table 4, all the 
other parameters used in this section are the same as 
those listed in Table 1.

For the target resistance, the projectile data for 
both the perforation and penetration, with volumetric 
parameter schemes marked with ‘Low’, ‘Normal’, and 
‘High’, are presented in Fig. 13. For the perforation 
case illustrated in Fig. 13a, it is found that the biggest 
difference appears in the second tunneling stage. With 
the volumetric parameter schemes varying from ‘Low’ 
to ‘Normal’ and ‘High’, the nearly constant accelera‐
tion during the second tunneling stage increases from 

approximately −200 to −300 km/s2. The first cratering 
stage coincides with each other except for the maxi‐
mum acceleration values influenced by the second 
tunneling stage. The third scabbing stage is parallel 
and probably consistent with each other without the 
influences from the second tunneling stage. From this 
point of view, it is concluded that the volumetric be‐
havior mainly affects the second tunneling stage and 
has very limited influence on the first cratering and 
third scabbing stages. Likewise, the projectile velocity–
time curves, depicted in Fig. 13b, show differences af‐
ter 300 μs that correspond to the second tunneling 
stage. In addition, with the volumetric parameter 
schemes varying from ‘Low’ to ‘High’, the residual 
velocities of the projectile decrease dramatically, which 
indicates that volumetric behaviors play a key role in 
accounting for the target resistance for a perforation 
case. The detailed residual velocities of the projectile 
can also be found in Table 5, where quantitative com‐
parisons of the residual velocity, penetration depth, 
the cratering size, and the scabbing size are presented 
for the five volumetric parameter schemes.

Table 4  Five different volumetric parameter schemes for 

investigating the influence of concrete volumetric behavior 

on its failure modes and penetration resistance against 

impacts

Scheme

Low

Med low

Normal

Med high

High

W

0.06

0.06

0.06

0.06

0.06

R

6

6

6

6

6

X0 (MPa)

102

102

102

102

102

D1 (Pa−1)

1.22×10−10

1.22×10−10

1.22×10−10

1.22×10−10

1.22×10−10

D2 (Pa−2)

1.50×10−18

1.25×10−18

1.00×10−18

0.75×10−18

0.50×10−18

Fig. 11  Failure patterns of the concrete target after impacts for the perforation case predicted with five different tensile 
parameter schemes: (a) High; (b) Med high; (c) Normal; (d) Med low; (e) Low
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For the penetration case illustrated in Fig. 13c, 
very similar results can be observed—except for the 

third stage which is absent. Again, the biggest differ‐
ence is in the second tunneling stage. Likewise, the 

Fig. 12  Influence of D2 on the volumetric behavior of concrete: (a) pressure versus volumetric strain; (b) growth of the 
hydrostatic damage with pressure. P* represents the difference between the historical maximum pressure level and the 
current pressure level

Fig. 13  Influence of concrete volumetric behavior on the projectile data: projectile acceleration–time histories (a) and 
projectile velocity–time histories (b) for the perforation case; projectile acceleration–time histories (c) and penetration 
depth–time histories (d) for the penetration case
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penetration depths shown in Fig. 13c and Table 5 are 
rather different. The stronger volumetric behavior can 
produce a much smaller penetration depth, which indi‐
cates that the volumetric behavior can significantly af‐
fect the target resistance. This conclusion supports 
most of the existing analytical models and empirical 
formulae where the relation between pressure and vol‐
umetric strain is involved in predicting the target resis‐
tance and penetration depth (Masri and Durban, 2005; 
Kong et al., 2017a).

Fig. 14 presents the hydrostatic damage due to 
pore collapse in the concrete target under perforation. 
It can be observed that the hydrostatic damage distrib‐
utes all around the tunneling in the center of the con‐
crete target, which is consistent with the discussion 
above that the concrete volumetric behavior mainly 
influences the second tunneling stage. In addition, one 

may find that with the volumetric parameter schemes 
varying from ‘High’ to ‘Low’, the hydrostatic damage 
becomes more and more severe. It must be pointed 
out that damage due to pore collapse under high pres‐
sure has been reported in depth by experiments (Cui 
et al., 2017). However, this kind of damage mecha‐
nism has commonly been neglected in most of the 
other numerical studies.

As for the failure modes of the target, the results 
presented in Table 5 suggest that the volumetric be‐
havior has very limited influence, supported by the 
very similar cratering sizes and scabbing sizes for the 
five different volumetric parameter schemes. This can 
also be concluded from the hydrostatic damage pro‐
files presented in Fig. 14, where no hydrostatic dam‐
age can be observed on the front face or the rear face 
of the concrete target.

Table 5  Influence of concrete volumetric behavior on its impact resistance and failure modes

Scheme

Low

Med low

Normal 
(baseline)

Med high

High

300 mm thin concrete targets perforated by 
333 m/s projectile

Residual velocity (m/s)
139.2 (+56.9%)

116.9 (+31.8%)

88.7

67.1 (−24.4%)

25.0 (−71.8%)

Cratering size (mm)
387.0 (+3.3%)

405.8 (+8.3%)

374.8

430.4 (+14.8%)

433.5 (+15.7%)

Scabbing size (mm)
393.1 (−2.6%)

357.4 (−11.4%)

403.6

410.8 (+1.8%)

394.1 (−2.4%)

800 mm thick concrete targets penetrated by 
347 m/s projectile

Penetration depth (mm)
0.3029 (+12.2%)

0.2833 (+5.0%)

0.2699

0.2514 (−6.9%)

0.2384 (−11.7%)

Cratering size (mm)
391.7 (−2.1%)

403.7 (+0.8%)

400.3

430.0 (+7.4%)

436.1 (+8.9%)

Values given in brackets refer to the differences relative to the ‘Normal’ scheme

Fig. 14  Hydrostatic damage due to pore collapse in the concrete target for the perforation case with five different 
volumetric parameter schemes: (a) High; (b) Med high; (c) Normal; (d) Med low; (e) Low. References to color refer to 
the online version of this figure
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4.3 Influence of shear behavior

In Huang et al. (2021)’s concrete model, the shear 
behavior relates to two aspects, i.e., shear strength 
versus pressure described by the fracture function 
in Eq. (2), and shear damage. Four parameters will 
influence the shear behavior, including strength pa‐
rameters a1 and a2, and shear damage parameters ζ1 and 
ζ2. Likewise, five different shear parameter schemes 
are arranged to investigate the influence of shear 
behavior, as listed in Table 6. In the arrangement, pa‐
rameters a2, ζ1, and ζ2 are unchanged, with parame‐
ter a1 ranging between 0.5000 and 0.8000. A larger 
a1 will produce lower shear strengths and a higher 
shear damage growth rate. One may gain an insight 
into the influence of a1 through the shear strength 
versus pressure, which is shown in Fig. 15. Then, 
numerical simulations for both the perforation and 
penetration are carried out. Again, except for the 
shear parameters stated in Table 6, all the other pa‐
rameters used in this section are the same as those 
listed in Table 1.

The influence of the shear behavior on the target 
resistance is very similar to that of the volumetric be‐
havior discussed above, with the projectile acceleration 
curves, as shown in Fig. 16, coinciding with each other 
in the first cratering stage, differing in the second tun‐
neling stage, and being parallel to each other in the 
third scabbing stage (for the perforation case). Both 
the residual velocities and penetration depths show a 
significant decrease, with the shear behavior becom‐
ing stronger, which indicates the importance of the 
shear behavior in accounting for the target resistance. 
Detailed discussions are not repeated. However, it 
must be pointed out that these observations are again 
consistent with most of the existing analytical models 

and empirical formulae where the relation between 
shear strength and pressure is properly considered in 
predicting the target resistance and penetration depth 
(Durban and Masri, 2004; Masri and Durban, 2005; 
Kong et al., 2017a, 2017b).

As for the failure modes, likewise, the cratering 
sizes and the scabbing sizes associated with the five 
different shear parameter schemes (Table 7) are al‐
most the same, which suggests that the shear behavior 
has very limited influence on the failure modes of the 
target.

Fig. 15  Influence of a1 on the shear strength of concrete 
under high confining pressure

Table 7  Influence of concrete shear behavior on its impact resistance and failure modes

Scheme

Low

Med low

Normal 
(baseline)

Med high

High

300 mm thin concrete targets perforated by 
333 m/s projectile

Residual velocity (m/s)

160.9 (+81.4%)

134.3 (+51.4%)

88.7

81.1 (−8.6%)

42.2 (−52.4%)

Cratering size (mm)

373.3 (−0.4%)

391.4 (+4.4%)

374.8

404.2 (+7.8%)

414.2 (+10.5%)

Scabbing size (mm)

401.2 (−0.6%)

416.5(+3.2%)

403.6

371.2 (−8.0%)

421.1 (+4.3%)

800 mm thick concrete targets penetrated by 
347 m/s projectile

Penetration depth (mm)

0.3253 (+20.5%)

0.3033 (+12.4%)

0.2699

0.2600 (−3.7%)

0.2584 (−4.3%)

Cratering size (mm)

416.7 (+4.1%)

391.4 (−2.2%)

400.3

403.1 (+0.7%)

406.7 (+1.6%)

Values given in brackets refer to the differences relative to the ‘Normal’ scheme

Table 6  Five different shear parameter schemes to 

investigate the influence of concrete shear behavior on its 

failure modes and penetration resistance against impacts

Scheme
Low

Med low

Normal

Med high

High

a1

0.8000

0.7000

0.5876

0.5500

0.5000

a2

0.025/fc

0.025/fc

0.025/fc

0.025/fc

0.025/fc

ζ1

0.02

0.02

0.02

0.02

0.02

ζ2

1.5

1.5

1.5

1.5

1.5
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5 Discussion and conclusions 

By arranging a series of numerical simulations, 
the individual influence of tensile, volumetric, and 
shear behaviors of the concrete target on its ballistic 
performances has been studied. This can be achieved 
thanks to the well-developed Huang et al. (2021)’s 
concrete model, where three damage mechanisms 
have been considered. The two major points, especially 
the detailed four aspects discussed in Section 1 should 
be reconsidered based on the numerical results.

The first aspect relates to the damage mecha‐
nisms that control the failure modes of the target. Our 
findings show that the formation of the cratering on the 
front face and the scabbing on the rear face are mainly 
dominated by the tensile behavior, and the shear 
behavior and the volumetric behavior are relatively 

unimportant. However, the second tunneling stage 
in the center of the target is primarily governed by the 
shear behavior and the volumetric behavior. These find‐
ings are consistent with some of the existing research 
(Hanchak et al., 1992; Huang et al., 2005; Leppänen, 
2006; Forquin et al., 2015; Kong et al., 2016).

The second aspect also relates to the damage 
mechanisms and is focused on the damage due to 
pore collapse under high pressure. On the one hand, 
our results and some previous research (Yankelevsky, 
1997; Forquin et al., 2008, 2015) revealed the high 
pressure during the second tunneling stage. On the 
other hand, a great loss of material properties due to 
pore collapse under high pressure has been reported 
by experiments (Cui et al., 2017). Despite this, few 
numerical studies have considered this damage mech‐
anism. In this study, Huang et al. (2021)’ s concrete 

Fig. 16  Influence of concrete shear behavior on the projectile data: projectile acceleration–time histories (a) and projectile 
velocity–time histories (b) for the perforation case; projectile acceleration–time histories (c) and penetration depth–time 
histories (d) for the penetration case
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model is adopted and the hydrostatic damage is pro‐
posed to account for this damage mechanism. Our 
results clearly capture the hydrostatic damage due to 
pore collapse under high pressure which is totally dis‐
tributed in the tunnel.

The third aspect relates to the target resistance 
and is focused on whether the unconfined compres‐
sive strength is sufficient to be the major factor con‐
sidered in many analytical models and empirical for‐
mulae or whether the complex shear and volumetric 
behaviors considered in the analytical models are nec‐
essary. It should be pointed out that abundant numeri‐
cal simulations were performed in this study with con‐
crete targets of different volumetric behaviors and shear 
behaviors, as shown in Sections 4.2 and 4.3, respec‐
tively. While the unconfined compressive strengths 
of the targets in different simulations are identical, our 
findings show that both the residual velocities and 
penetration depths in different simulations exhibit 
great discrepancies, with the residual velocities for the 
perforation case varying from 25.0 to 160.9 m/s, 
and the penetration depths for the penetration case 
ranging between 0.2384 and 0.3253 m. These findings 
suggest that the unconfined compressive strength 
should not be thought of as the major factor in the 
target resistance. More complex shear behaviors un‐
der triaxial compression stress states as well as vol‐
umetric behaviors under hydrostatic loading states 
should be considered. These conclusions are consis‐
tent with some of the existing research (Hanchak 
et al., 1992; Forquin et al., 2008, 2015; Yankelevsky, 
2017).

The fourth aspect also relates to the target resis‐
tance and is focused on the influence of the tensile be‐
havior. The opinion that the tensile behavior is not im‐
portant for the target resistance (Leppänen 2006; 
Kong et al., 2016) is questioned by the findings ob‐
tained in this study. The results in Section 4.1 clearly 
show that the tensile behavior plays a key role in af‐
fecting the target resistance—mainly during the third 
scabbing stage for a perforation case. The residual ve‐
locity of the projectile may vary from 42.5 to 131.3 m/s 
for different tensile behaviors. For the penetration 
case where the third scabbing stage is absent, the in‐
fluence of the tensile behavior on the target resistance 
can be ignored.

It must be pointed out that the failure mecha‐
nisms behind the failure modes of the concrete target 

should be different for low-velocity impacts and high-
velocity impacts. This study focuses only on low-
velocity impacts and so high-velocity or ultrahigh-
velocity impacts should be considered in the future. 
Besides, for high-velocity impacts, there is another 
factor involved in the target resistance: the velocity 
inertia. Whether the velocity inertia is necessary when 
formulating the target resistance is still an open sub‐
ject. Besides, the conclusions reached are only appro‐
priate for conventional concrete, and future efforts are 
still need for fiber-reinforced concrete and ultrahigh-
performance concrete.

Some other conclusions of this study are pre‐
sented as follows. Huang et al. (2021)’ s concrete 
model has been demonstrated and can be used in bal‐
listic simulations. The major target resistance comes 
from the second tunneling stage, where the projectile 
acceleration is almost constant for low-velocity impacts.
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