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A B S T R A C T

The objective of the present paper is to study numerically the hydro-mechanical behaviour of concrete targets
subjected to a rigid projectile, with special attention to the influence of water saturation. An elastoplastic
model, encompassing two primary plastic mechanisms (shear and pore collapse), is improved to capture the
influence of water saturation. The adopted model is implemented in the finite element code Abaqus/Explicit
and validated by simulating two dynamic compression tests at the material point level and two penetration
tests at the structure level. Not only a strong influence of water saturation on both volumetric and deviatoric
behaviours of concrete is observed at material point level, but also the time-evolutions of projectile velocity,
projectile deceleration and penetration depth in concrete targets are also satisfactorily reproduced by the
numerical simulations. After that, a series of parametric studies are performed to understand the influence of
water saturation on the penetration performance of concrete. It is found that with the presence of pore water,
penetration resistance of concrete increases with decreasing water saturation, indicating a higher projectile
deceleration and lower penetration depth obtained in saturated targets. Numerical modelling and analysis will
enhance our understanding of the vulnerability of concrete infrastructures subjected to near-field detonations
or impacts.
. Introduction

With the construction of large-scale buildings and structures, the
ocal behaviour of mass concrete subjected to an extreme loading
as become a prominent research topic for structural safety. Under
ear-field detonations or ballistic impacts, concrete suffers from high-
ntensity triaxial stress and high strain rates [1–6]. Moreover, as the
urfaces of these concrete structures are often subjected to varying
ydraulic conditions, a heterogeneous distribution of water saturation
s usually created in concrete due to its relatively low permeabil-
ty. Previous works [7–11] have exhibited that water saturation has

predominant influence on the response of concrete, especially at
igh-intensity stress levels. Therefore, the vulnerability of concrete
nfrastructures subjected to near-field detonations or impacts requires
aking into account the influence of water saturation on concrete
ehaviour.

In the literature, a great number of static tests [7–9,11–19] have
een conducted to study concrete behaviour under a wide range of
onfining pressures and water saturations. These experimental results

∗ Corresponding author.
E-mail address: hanbing.bian@polytech-lille.fr (H. Bian).

have revealed the transition from brittle to ductile behaviour of con-
crete with the increase of confinement: irreversible deformation and
pore collapse mechanism control the mechanical behaviour of concrete
under high confining pressures. On the other hand, under dynamic
loading, the influence of strain rate on the behaviour of concrete with
different water saturations is only studied by several researchers [10,
15,16,20–27]. Some researchers [8,16,17,23] have shown that wet
concrete generally exhibits higher dynamic strength compared to dry
one, indicating that wet concrete is more sensitive to strain rate than
drier one. Nevertheless, contrasting findings have been reported in
other experimental studied [10,25–27]. Dry or partially saturated con-
crete demonstrates better performance under dynamic loadings due to
its greater ductility and ability to absorb more energy before failure.
Conversely, more severe damage, fragmentation and reduced energy
absorption capacity are observed in saturated concrete. The presence
of water exacerbates spalling and fragmentation of concrete. To date,
no general conclusion has been obtained on the influence of water
saturation on the dynamic behaviour of concrete and further research
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is still needed. However, in the aforementioned tests, due to large
costs and technical challenges, the hydraulic response of concrete under
dynamic loading conditions has not been clearly investigated.

In parallel, a series of micromechanics-based simulations [19,28–
30] and macroscopic numerical studies [31–37] have been conducted
to investigate the response of concrete at different levels of confining
pressures and water saturation degrees. Recently, to take advantage
and overcome shortcoming of micro/macro analysis, hybrid methods
(for instance: FEM-SPH method [38] and FEM-DEM method [39]) are
developed to study the dynamic behaviour of soil and rock materials.
Until now, the application of such hybrid methods in the hydrome-
chanical modelling of concrete under dynamic loading conditions is
still very limited. For ease of use, the macroscopic method is then
used in the present work. In the literature, only a few studies have
been performed on the influence of water saturation on the penetration
behaviour of concrete structures. Forquin et al. [40] and Bian et al. [35]
have compared the penetration performance of dry and saturated con-
crete targets. They have revealed that dry target exhibited a higher
penetration resistance than the wet one and explained this phenomenon
by the influence of water saturation on the behaviour of concrete. After
that, by adopting the pore water pressure as a function of volumetric
strain, Zhao and Wen [41] and Huang et al. [42] have simulated
the penetration of ballistic projectiles on concrete targets with three
different water contents. Although the influence of water content on the
mechanical behaviour of concrete is considered, hydraulic responses
have not been analysed. Lately, Jia et al. [37] have studied the coupled
hydromechanical behaviour of concrete under high confining pressures,
but only under static loading conditions. As the microstructure of
concrete includes a large quantity of capillary pores and cracks, water
may be encased in this porous network and have a predominant influ-
ence on the response of concrete, especially at high stress levels. For
instance, due to the short duration of intentional extreme loading and
low permeability of concrete, a high interstitial pressure may be created
in concrete structure during the penetration tunnel phase of impact and
have a predominant influence on the response of concrete [3,20,43,44].

The present work focuses on the penetration performance of con-
crete target subjected to a rigid projectile, with special attention to
the influence of water saturation. Not only the mechanical behaviour
but also hydraulic responses (variation of fluid pressure with mass
change and skeleton deformation) of concrete will be detailed here.
A recent concrete model, proposed by Yang et al. [34], is improved
to capture the penetration behaviour of concrete targets, including
the effects of water saturation and strain rate. Four major modifica-
tions are made respectively to the relationship between porosity and
volumetric dilatancy/compaction, the strain rate effects on material
strength and pore collapse, the realization of full hydro-mechanical
coupling under dynamic loading conditions and the analysis of coupled
hydromechanical behaviour of concrete target under high strain rates.
The poromechanics method is used to determine interstitial pressure
related to skeleton deformation. In parallel, the impact of interstitial
pressure on mechanical behaviour is taken into account using the
Barcelona’s concept. The performance of the modified model is firstly
verified by simulating two dynamic compression tests at material level.
After that, at the structure level, two penetration tests performed on
saturated targets are analysed. The comparison of numerical results and
experimental data shows that the proposed model is capable to predict,
in a satisfactory manner, the penetration processes of a projectile
into a concrete target. Finally, a series of numerical simulations are
performed on concrete structures with different water saturations, and
the influence of water saturation is then investigated.

2. Constitutive model for saturated and partially saturated con-
cretes

In this study, the increment of total strain tensor 𝑑𝜀 is decomposed
into an elastic part 𝑑𝜀𝑒 and a plastic part 𝑑𝜀𝑝:

𝑑𝜀 = 𝑑𝜀𝑒 + 𝑑𝜀𝑝 (1)
2

Fig. 1. Experimental results of laboratory tests with different water saturation degree
𝑆𝑤 [8].

In the present work, the studied concrete is a standard concrete
mixture, called R30A7 concrete, with a 28-days compressive strength
of 30 MPa. Its composition is given in Vu et al. [8]. The studied material
is assumed to be an isotropic porous medium saturated by a liquid
water (noted by index 𝑤) and a gas mixture (noted by index 𝑔). The gas
mixture is a perfect mixture of dry air (noted by index 𝑑𝑎) and vapour
(noted by index 𝑣𝑎). Denoting the pressure of the fluid phase 𝛼(𝑤,
𝑣𝑎, 𝑑𝑎), the pressure of gas mixture 𝑝𝑔 is expressed by the following
relation:

𝑑𝑝𝑔 = 𝑑𝑝𝑣𝑎 + 𝑑𝑝𝑑𝑎 (2)

The capillary pressure 𝑝𝑐𝑝 is defined as follow:

𝑑𝑝𝑐𝑝 = 𝑑𝑝𝑔 − 𝑑𝑝𝑤 (3)

Based on previous works [45,46], the effects of liquid and gas pressure
are characterized by an equivalent pore pressure 𝜋:

𝑑𝜋 = 𝑑𝑝𝑔 − 𝑆𝑤
(

𝑝𝑐𝑝
)

𝑑𝑝𝑐𝑝; 𝜋 = 𝑑𝜋 (4)
∫
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𝑆𝑤 denotes water saturation degree. With the assumption that 𝑆𝑤
depends only on the capillary pressure 𝑝𝑐𝑝 under isothermal condition
and the adoption of the previous equivalent pore pressure (Eq. (4)), the
elastic constitutive relations are expressed as:

𝑑𝜎 =
(

𝐾𝑏 −
2
3
𝐺
)

𝑑𝜀𝑒𝑣𝛿 + 2𝐺𝑑𝜀𝑒 − 𝑏𝑑𝜋𝛿 (5)

In practice, as the variation of gas pressure is much smaller than that
of water pressure in the penetration test, we adopt 𝑑𝑝𝑔 = 0 in the
present work and then we have 𝑝𝑐𝑝 = −𝑝𝑤. When the porous material
is subjected to macroscopic stress 𝜎 and internal pressure 𝑝𝑤, the
poroelastic constitutive equations of unsaturated porous media can be
rewritten as follows: [46,47].

⎧

⎪

⎨

⎪

⎩

𝑑𝜎 =
(

𝐾𝑏 −
2
3𝐺

)

𝑑𝜀𝑒𝑣𝛿 + 2𝐺𝑑𝜀𝑒 − 𝑏𝑆𝑤𝑑𝑝𝑤𝛿

𝑑𝑝𝑤 = 𝑀𝑤𝑤

[

𝑑𝑚𝑤
𝜌𝑤

− 𝑏𝑆𝑤𝑑𝜀𝑒𝑣
] (6)

𝐾𝑏 and 𝐺 are respectively drained bulk modulus and shear modulus
of the porous medium. 𝜀𝑒𝑣 represents the elastic volumetric strain. 𝛿
denotes the second-order unit tensor. The Biot’s modulus 𝑀𝑤𝑤 can be
identified as follows:

1
𝑀𝑤𝑤

= 𝜙
𝜕𝑆𝑤
𝜕𝑝𝑤

+
𝜙𝑆𝑤
𝐾𝑤

+𝑁𝑆2
𝑤, 𝑁 =

(1 − 𝑏)(𝑏 − 𝜙)
𝐾𝑏

=
(𝑏 − 𝜙)
𝐾𝑠

(7)

𝑏 is the Biot’s coefficient of porous medium and 𝜙 represents the
orosity. 𝐾𝑠 and 𝐾𝑤 denote the bulk modulus of solid matrix and
he compressibility modulus of liquid water, respectively. In unsatu-
ated case, water pressure is related to water saturation by the water
etention curve:

𝑤 = [ 1
1.0 + (−𝑝𝑤∕𝑎𝑤)𝑏𝑤

](1−
1
𝑏𝑤

), 𝑎𝑤 = 2.0𝐸6, 𝑏𝑤 = 1.54 (8)

In practice, the penetration of projectile lasts only a few microsec-
onds and there is insufficient time for pore water to escape from
the sample. Therefore, undrained condition could be adopted in the
numerical analysis of coupled hydro-mechanical behaviour of concrete
subjected to a rigid projectile. Under undrained condition (𝑚𝑤 = 0), the
evolution of water pressure can be obtained by using the Eq. (6):

𝑑𝑝𝑤 = −𝑏𝑆𝑤𝑀𝑤𝑤𝑑𝜀
𝑒
𝑣 (9)

2.1. An enhanced plastic model for concrete under high confining pressures

When a concrete is subjected to ballistic impacts, the involved
mechanisms are complex: compressive damage (cratering) on the
frontal surface, irreversible deformation and pore collapse around the
penetration tunnel, and eventual tensile damage (scabbing) on the op-
posite side. The basic mechanical behaviour of concrete is elastoplastic
coupled with damage. However, the present work focuses specifically
on the influence of water saturation on the penetration performance
of concrete targets subjected to a rigid projectile. At high stress levels
obtained in concrete during the penetration of rigid impact, two crucial
mechanisms come into play: irreversible deformation and pore collapse.
In order to capture the most significant influence of interstitial pressure
on concrete responses, denoting the highest interstitial pressure level,
the damage mechanism inducing pressure decrease is deliberately
neglected in the present work.

In practical applications, concrete structures typically experience
static or quasi-static loadings throughout their service life, occasionally
encountering unexpected dynamic impacts. As previously noted, while
numerous experimental studies have indicated the non-negligible influ-
ence of strain rate on concrete behaviour, it is still ongoing research
without a conclusive consensus on the effect of strain rate on the
mechanical behaviour of concrete. Therefore, the primary objective of
the present study is to evaluate the possibility of employing a consti-
tutive model, derived from static laboratory tests, for the numerical
3

simulation of coupled hydro-mechanical phenomena involving dynamic i
tests. Moreover, since the present study represents a first series of nu-
merical simulations to study the coupled hydro-mechanical behaviour
of concrete target subjected to a rigid projectile penetration, for reasons
of simplicity, a semi-empirical function [48] will be used to incorporate
the influence of strain rate on pore collapse and material strength.
Taking inspiration from the model proposed by Yang et al. [34], which
successfully reproduces the static mechanical behaviour of concrete un-
der a wide range of confining pressures, this constitutive model will be
improved in the present work to describe the coupled hydro-mechanical
behaviour of concrete under high-stress and high-strain-rate combined
loading conditions.

Since the experimental studies have shown that water content plays
an important role in concrete behaviour [8,9], the influence of water
saturation on the mechanical behaviour of concrete should also be
included in the plasticity formulation. In the literature, the influence
of water saturation can be taken into account by using the Bishop’s
effective stress concept [46,49,50], or the net stress concept proposed
by Alonso et al. [51], called Barcelona method. The main idea of the
first approach is to extend the plastic functions of dry materials to
saturated/partially saturated porous media by using a suitable effective
stress. In the second type of approach, the concept of net stress (total
mean stress plus gas pressure) is introduced into the plastic constitutive
equations of unsaturated materials and the capillary pressure is used as
a complementary force variable. As a result, plastic functions explicitly
depend on the capillary pressure. As the Barcelona concept is fully
based on experimental investigations and is widely used in the field
of geomaterials, this approach is adopted in the present work. The
plastic functions are expressed as functions of net stress 𝜎′ = 𝜎−𝜋𝛿 and
degree of water saturation 𝑆𝑤. Once concrete is saturated, 𝑆𝑤 = 1, the
equivalent pressure 𝜋 is replaced by 𝑝𝑤. The net stress is then rewritten
as : 𝜎′ = 𝜎 − 𝑏𝑝𝑤𝛿.

In the following section, two plastic mechanisms will be formulated
respectively. The plastic strain increment is divided into two plastic
parts: a shear plastic part d𝜀𝑝𝑠 and a plastic pore collapse part d𝜀𝑝𝑐 :

𝜀𝑝 = d𝜀𝑝𝑠 + d𝜀𝑝𝑐 (10)

As we know well that the porosity variation is essentially related to
plastic strain increment, porosity variation d𝜙𝑝 is also composed of two
arts: d𝜙𝑝𝑠 related to shear plasticity and d𝜙𝑝𝑐 related to pore collapse
lasticity.

𝜙𝑝 = d𝜙𝑝𝑠 + d𝜙𝑝𝑐 (11)

In the modelling of two plastic deformation mechanisms in geo-
aterials, the conventional approach combines two yield surfaces: a

ap surface for plastic consolidation and a cone surface for plastic
hearing [52–57]. As an alternative to avoid singularity points at the
ntersection of two surfaces, some plastic models with a single surface
hat combines the cap and cone have been proposed [58–60]. This
ramework, based on experimental investigation, can be applied in
escribing the fundamental mechanical behaviour of concrete. How-
ver, the primary objective of the present study is to offer a clear
hysical interpretation of two plastic mechanisms and propose the
pecific plastic functions, encompassing the distinct features observed
n concrete behaviour. Concrete is conceptualized as a porous material,
omprising an equivalent solid matrix and interconnected pores in the
resent work. The macroscopic behaviour of concrete is intricately
haped by the characteristics of both the solid matrix and the pores.
he mechanical properties of the solid matrix are governed by three
ypes of contact forces: capillary-related liquid contact forces, cemented
olid contact forces, and frictional point contact forces. Plastic shearing
nd pore collapse manifest due to the gradual weakening of these
ontact forces. To model plastic shearing, we introduce a smooth
uadratic yield function, offering an enhanced representation of the
ronounced pressure sensitivity observed in concrete. This marks an

mprovement over the classic linear Mohr–Coulomb-type criteria [34].
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For the pore collapse mechanism, we adopt Gurson’s criterion [61,62],
a micromechanics-based plastic yield criterion. This criterion explicitly
links the plastic yield condition to the yield stress of the equivalent
solid matrix and porosity [34].

2.1.1. Plastic pore collapse characterization
Inspired by the plastic model proposed by Gurson et al. [61] and

Yang et al. [34], the following plastic yield function is expressed as the
basic yield function of the pore collapse mechanism:

𝐹𝑐

(

𝜎′, 𝜎̄, 𝑆𝑤, 𝜙
)

=
𝑞2

𝜎̄2
+ 2𝜙 cosh

(

3𝑝
2𝜎̄

)

− 1 − 𝜙2 = 0 (12)

𝑞 =
√

3
2
𝑠′ ∶ 𝑠′ ; 𝑠′ = 𝜎′ − 𝑝𝛿; ; 𝑝 = 1

3
𝑡𝑟
(

𝜎′
)

(13)

here 𝑝 is the mean net stress and 𝑞 denotes the deviatoric net stress.
represents the porosity of concrete. The coefficient 𝜎̄ represents the

lastic yield stress of the concrete solid matrix, which depends on the
echanical properties of solid grains and on the various contact forces.
ased on the experimental investigation from hydrostatic compression
est, a plastic isotropic hardening law is proposed for the plastic pore
ollapse mechanism:

𝜎̄
(

𝜀̇, 𝑆𝑤
)

= 𝜎̄𝑑𝑦𝑛
[

1 + 𝑎
(

𝜀𝑝𝑐𝑀
)𝑛 𝑒𝛽𝜀

𝑝𝑐
𝑀
]

(14)

here 𝜀𝑝𝑐𝑀 is the plastic volumetric strain due to the pore collapse
rocess, 𝜀𝑝𝑐𝑀 = 𝑡𝑟

(

𝜀𝑝𝑐
)

taken as the internal hardening. 𝜎̄𝑑𝑦𝑛 denotes the
initial yield stress of the solid matrix and 𝑎, 𝑛 and 𝛽 are three parameters
of the hardening law. As indicated in experimental data (Fig. 1a), the
stress–strain curves of hydrostatic compression tests depend strongly
on the water saturation state. Moreover, the experimental results [16,
20,21,63–65] have shown that the pore collapse process seems to be
delayed under high strain rate conditions. By inducting a dynamic
increase coefficient 𝐷𝐼𝐹 , Xu et al. [42,48,66] have successfully study
the influence of water content on the dynamic behaviour of concrete.
With the assumption that 𝑆𝑤 depends only on the capillary pressure
nder isothermal conditions (i.e., 𝑆𝑤

(

𝑝𝑐𝑝
)

), 𝜎𝑑𝑦𝑛 is defined as a function
of the dynamic increase factor of compression 𝐷𝐼𝐹 𝑐

𝑆𝑤
and the yield

stress of the solid skeleton under static loading conditions 𝜎0 :

𝜎𝑑𝑦𝑛 = 𝐷𝐼𝐹 𝑐
𝑆𝑤

⋅𝜎0(𝑆𝑤) ; with 𝜎0
(

𝑆𝑤
)

= 𝜎0 ,𝑑−
(

𝜎0 ,𝑑 − 𝜎0 ,𝑠
)

𝑒
(

−𝜉𝑛
1−𝑆𝑤
𝑆𝑤

)

(15)

𝜎0 denotes the initial yield stress of the solid matrix and can be
identified from the transition point between the linear and non-linear
parts of the volumetric strain-confining pressure curve of a static hy-
drostatic compression test. The function 𝜎0

(

𝑆𝑤
)

should accordingly
e a function of 𝑆𝑤, varying from the asymptotic value for saturated
oncrete, 𝜎0 ,𝑠, to that for dry concrete 𝜎0 ,𝑑 . Based on the corrected
train-rate concept proposed by Kong et al. [66], the dynamic increase
actor (𝐷𝐼𝐹 ) of compression for wet concrete 𝐷𝐼𝐹 𝑐

𝑆𝑤
is defined as

ollows:

𝐼𝐹 𝑐
𝑆𝑤

=
(

𝐷𝐼𝐹 𝑡
𝑆𝑤

− 1
) 𝑅𝑡

𝑆𝑤

𝑅𝑐
𝑆𝑤

+ 1;𝐷𝐼𝐹 𝑡
𝑆𝑤

= 𝜂(𝜀̇, 𝑆𝑤) ⋅𝐷𝐼𝐹 𝑡
0 (16)

𝑡
𝑆𝑤

and 𝑅𝑐
𝑆𝑤

represent the quasi-static tensile and compressive
trengths, respectively, of concrete at different degrees of water sat-
ration 𝑆𝑤. 𝐷𝐼𝐹 𝑡

𝑆𝑤
and 𝐷𝐼𝐹 𝑡

0 denote the dynamic increase factors of
ension for wet and dry concretes, respectively. To capture the effects
f water saturation, 𝜂(𝜀̇, 𝑆𝑤) defines the ratio of 𝐷𝐼𝐹 𝑡

𝑆𝑤
and 𝐷𝐼𝐹 𝑡

0 and
s calculated by the following function [42]:

(𝜀̇, 𝑆𝑤) =

{

1 if 𝜀̇ ≤ 10−5

− (1 + 0.015𝑆𝑤)−𝑙𝑔𝜀̇−5 + 2 Otherwise
(17)

he DIF for dry concrete 𝐷𝐼𝐹 𝑡
0 is described by a semi-empirical formula

roposed by Xu and Wen [48]:

𝐼𝐹 𝑡 = 5.5
{

1 + 0.82
[

𝑡𝑎𝑛ℎ
(

0.8
(

𝑙𝑜𝑔
(

𝜀̇
)

− 1.6
))]}

(18)
4

0 𝜀0
𝜀0 is the reference strain rate 𝜀0 = 1 s−1.
According to the Eq. (12), the yield function of the pore collapse

process depends also on the connected pores of concrete. By assuming
that the plastic compressibility of solid grains may be neglected, the
porosity change is expressed as following:

𝑑𝜙𝑝𝑐 = (1 − 𝜙) 𝑡𝑟
(

𝜀𝑝𝑐
)

(19)

To accurately describe the plastic volumetric deformation, a non-
ssociated plastic flow rule is developed for the pore collapse process.
y taking a similar form as the yield function, the following function

s used as the plastic potential:

𝑐

(

𝜎′, 𝜎̄, 𝜙
)

=
𝑞2

𝜎̄2
+ 2𝜙 cosh

(

3𝑝
2𝜎̄

)

(20)

.1.2. Plastic shear characterization
Based on the experimental data obtained under various loading

aths, a curved yield surface is necessary to take into account the strong
ressure dependence. Based on the research work of Yang at al. [34],
he following yield function is employed:

𝑠(𝜎′, 𝛾𝑝𝑠, 𝑆𝑤) = 𝑞 + 𝛼𝑠(𝑝 − 𝑐3)
𝑐1

(1 − 𝑐2,𝑑𝑦𝑛
𝑝
𝑝𝑟
)
= 0 (21)

𝑝𝑟 is a reference pressure, one takes 𝑝𝑟 = 1 MPa. The parameter 𝑐1 is
n equivalent friction coefficient, 𝑐3 denotes the cohesion coefficient of

material and 𝑐2 represents the nonlinearity of yield surface. Moreover,
as the experimental investigation exhibits that the curvature of the
deviatoric yield surface is dependent on water saturation and strain
rate, this dependency is here interpreted by the fact that the parameter
𝑐2,𝑑𝑦𝑛 is expressed as a function of 𝑆𝑤 and strain rate 𝜀̇. Inspired by the
formulation of 𝜎𝑑𝑦𝑛 presented in the previous section, for the reason of
simplicity, the parameter 𝑐2,𝑑𝑦𝑛 is defined as a function of 𝐷𝐼𝐹 𝑐

𝑆𝑤
and

the yield stress under static loading conditions 𝑐2(𝑆𝑤):

𝑐2,𝑑𝑦𝑛 = 𝐷𝐼𝐹 𝑐
𝑆𝑤

⋅𝑐2(𝑆𝑤) ; with 𝑐2(𝑆𝑤) = 𝑐2𝑑−(𝑐2𝑑−𝑐2𝑠)𝑒
(

−𝜉𝑐2
1−𝑆𝑤
𝑆𝑤

)

(22)

2(𝑆𝑤) describes the dependence of parameter 𝑐2 on the degree of water
saturation 𝑆𝑤. The parameter 𝜉𝑐2 controls the evolution of 𝑐2 with 𝑆𝑤,
while 𝑐2𝑠 and 𝑐2𝑑 are respectively the values of 𝑐2 in fully saturated and
dry concretes.

The plastic hardening law 𝛼𝑠 is proposed as follows:

𝛼𝑠 = 1.0 −
(

1.0 − 𝛼0𝑠
)

𝑒−𝜁𝛾
𝑝𝑠 (23)

𝛾𝑝𝑠 = ∫

√

2
3
𝑑𝑒𝑝𝑠𝑑𝑒𝑝𝑠∕𝜒𝑝; 𝑑𝑒𝑝𝑠 = 𝑑𝜀𝑝𝑠 −

𝑑𝜀𝑝𝑠𝑘𝑘
3

𝛿;𝜒𝑝 =

⟨

𝑝′ − 𝑞
3 − 𝑝𝑟

⟩

𝑝𝑟
(24)

the parameter 𝜁 controls the rate of plastic hardening.
In order to describe the volumetric transition from contractancy

to dilatancy observed in triaxial compression tests, a non-associated
plastic flow rule must be defined:

𝑄𝑠(𝜎′, 𝛾𝑝𝑠, 𝑆𝑤) = 𝑞 + 𝜂𝐼𝑙𝑛(𝐼∕𝐼0) = 0, 𝐼 = 𝑝 − 𝑐3 (25)

the parameter 𝐼0 defines the intersection of the plastic potential surface
with the 𝑝 axis. the parameter 𝜂 defines the slope of the boundary
between contractive and dilatant zones.

Inspired by the Eq. (19), the porosity change related to shear
plasticity is expressed as following:

𝑑𝜙𝑝𝑠 = (1 − 𝜙) 𝑡𝑟
(

𝜀𝑝𝑠
)

(26)

In triaxial compression tests [8], one observes that once the confining
pressure is greater than the pore collapse yield stress of the material 𝜎̄,
the volumetric compaction is dominant and the volumetric dilatancy
may be only observed just before the sample failure. Assuring that the
volumetric compaction observed under high confining pressures is only
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related to the pore closure, the plastic part of porosity variation 𝑑𝜙𝑝 is
determined as follows:

𝑑𝜙𝑝 =
{

⟨𝑑𝜙𝑝𝑠
⟩ + 𝑑𝜙𝑝𝑐 if 𝑝 ≥ 𝜎̄

𝑑𝜙𝑝𝑠 𝑒𝑙𝑠𝑒
(27)

The bracket ⟨𝑑𝜙𝑝𝑠
⟩ means that only the positive value will be taken into

consideration: ⟨𝑑𝜙𝑝𝑠
⟩ = 0 if ⟨𝑑𝜙𝑝𝑠

⟩ ≤ 0 and ⟨𝑑𝜙𝑝𝑠
⟩ = 𝑑𝜙𝑝𝑠 if 𝑑𝜙𝑝𝑠 > 0.

2.2. Coupling and numerical implementation of two plastic mechanisms in
saturated and partially saturated concretes

For the loading history where only the pore collapse mechanism is
activated (for instance, in the hydrostatic compression tests), the plastic
flow is written as:

𝑑𝜀𝑝𝑐 = 𝑑𝜆𝑐
𝜕𝑄𝑐
𝜕𝜎′

(28)

𝜕𝑄𝑐
𝜕𝜎′

=
𝜕𝑄𝑐
𝜕𝑞

𝜕𝑞
𝜕𝜎′

+
𝜕𝑄𝑐
𝜕𝑝

𝜕𝑝
𝜕𝜎′

=
3𝑠′

𝜎2
+

𝜙
𝜎
sinh

(

𝑞1
3𝑝
2𝜎̄

)

𝛿 (29)

The plastic multiplier 𝑑𝜆𝑐 can be determined by the plastic consistency
ondition:

𝜆𝑐 =

𝜕𝐹𝑐
𝜕𝜎′ ∶ 𝐶 ∶ 𝑑𝜀 + 𝜕𝐹𝑐

𝜕𝜎̄
𝜕𝜎̄
𝜕𝑆𝑤

𝜕𝑆𝑤
𝜕𝑝𝑐𝑝

𝑑𝑝𝑐𝑝

𝜕𝐹𝑐
𝜕𝜎′ ∶ 𝐶 ∶ 𝜕𝑄𝑐

𝜕𝜎′ − 𝜕𝐹𝑐
𝜕𝜎

𝜕𝜎
𝜕𝑡𝑟

(

𝜀𝑝𝑐
)

𝜕𝑄𝑐
𝜕𝑝 − 𝜕𝐹𝑐

𝜕𝜎′ 𝜙 (1 − 𝜙) 𝜕𝑄𝑐
𝜕𝑝

(30)

For the loading history where only the plastic shear mechanism is
developed in concrete, the plastic flow rule is written as following:

𝑑𝜀𝑝𝑠 = 𝑑𝜆𝑠
𝜕𝑄𝑠
𝜕𝜎′

(31)

𝜕𝑄𝑠
𝜕𝜎′

=
𝜕𝑄𝑠
𝜕𝑞

𝜕𝑞
𝜕𝜎′

+
𝜕𝑄𝑠
𝜕𝑝

𝜕𝑝
𝜕𝜎′

= 3
2

𝑠

𝑞
+ 1

3
𝜂[1 + ( 𝐼

𝐼0
)]𝛿 (32)

The plastic multiplier can be determined by the plastic consistency
condition:

𝑑𝜆𝑠 =

𝜕𝐹𝑠
𝜕𝜎′ ∶ 𝐶 ∶ 𝜀 + 𝜕𝐹𝑠

𝜕𝑐2
𝜕𝑐2
𝜕𝑆𝑤

𝜕𝑆𝑤
𝜕𝑝𝑐𝑝

𝑑𝑝𝑐𝑝

𝜕𝐹𝑠
𝜕𝜎′ ∶ 𝐶 ∶ 𝜕𝑄𝑠

𝜕𝜎′ − 𝜕𝐹𝑠
𝜕𝛼𝑠

𝜕𝛼𝑠
𝜕𝛾𝑝𝑠

√

2
3 (𝐾 ∶ 𝜕𝑄𝑠

𝜕𝜎′ ) ∶ (𝐾 ∶ 𝜕𝑄𝑠
𝜕𝜎′ )

(33)

In a general loading history case, two plastic deformation mech-
anisms can be activated simultaneously. A non-linear system of con-
sistency conditions should be solved to determine the increments of
plastic deformation:

⎧

⎪

⎨

⎪

⎩

𝑑𝑓𝑐 =
𝜕𝑓𝑐
𝜕𝜎′ 𝑑𝜎

′ + 𝜕𝑓𝑐
𝜕𝜙 𝑑𝜙 + 𝜕𝑓𝑐

𝜕𝜎̄ 𝑑𝜎̄ = 0

𝑑𝑓𝑠 =
𝜕𝑓𝑠
𝜕𝜎′ 𝑑𝜎

′ + 𝜕𝑓𝑠
𝜕𝛼𝑠

𝜕𝛼𝑠
𝜕𝛾𝑝𝑠 𝑑𝛾

𝑝𝑠 = 0
(34)

y introducing the state equations and the hardening laws in the above
quations, we obtain the system of equations to determine two plastic
ultipliers:

𝜕𝐹𝑐
𝜕𝜎′ ∶ 𝐶 ∶ 𝜕𝑄𝑐

𝜕𝜎′ −𝐻𝑐𝑐
𝜕𝐹𝑐
𝜕𝜎′ ∶ 𝐶 ∶ 𝜕𝑄𝑠

𝜕𝜎′ −𝐻𝑐𝑠

𝜕𝐹𝑠
𝜕𝜎′ ∶ 𝐶 ∶ 𝜕𝑄𝑐

𝜕𝜎′ −𝐻𝑠𝑐
𝜕𝐹𝑠
𝜕𝜎′ ∶ 𝐶 ∶ 𝜕𝑄𝑠

𝜕𝜎′ −𝐻𝑠𝑠

|

|

|

|

|

|

|

|

|

|

|

|

|

d𝜆𝑐
d𝜆𝑠

|

|

|

|

|

=
|

|

|

|

|

𝑅𝑐
𝑅𝑠

|

|

|

|

|

with

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

𝑅𝑐 =
𝜕𝑓𝑐
𝜕𝜎′ ∶ 𝐶 ∶ 𝑑𝜀 + 𝜕𝑓𝑐

𝜕𝑆𝑤

𝜕𝑆𝑤
𝜕𝑝𝑐𝑝

𝑑𝑝𝑐𝑝

𝑅𝑠 =
𝜕𝑓𝑠
𝜕𝜎′ ∶ 𝐶 ∶ 𝑑𝜀 + 𝜕𝑓𝑠

𝜕𝑆𝑤

𝜕𝑆𝑤
𝜕𝑝𝑐𝑝

𝑑𝑝𝑐𝑝

𝐻𝑐𝑐 =
𝜕𝐹𝑐
𝜕𝜙 (1 − 𝜙)tr( 𝜕𝑄𝑐

𝜕𝜎′ ) +
𝜕𝐹𝑐
𝜕𝜎̄

𝜕𝜎̄
𝜕𝜀𝑐𝑀

𝜕𝑄𝑐
𝜕𝜎′

𝐻𝑠𝑠 =
𝜕𝐹𝑠
𝜕𝛼𝑠

𝜕𝛼𝑠
𝜕𝛾𝑝𝑠

√

2
3 (𝐾 ∶ 𝜕𝑄𝑠

𝜕𝜎′ ) ∶ (𝐾 ∶ 𝜕𝑄𝑠
𝜕𝜎′ )

(35)
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⎩

In these relations, the fourth order tensor 𝐶 is the elastic stiffness tensor

of porous media, which is written in the following form:

𝐶 = 2𝐺𝐾 + 3𝐾𝐽 (36)

Isotropic symmetric fourth order tensors 𝐾 and 𝐽 are defined by:

𝐽 = 1
3

(

𝛿 ⊗ 𝛿
)

;𝐾 = 𝐼 − 𝐽 ; 𝐼𝑖𝑗𝑘𝑙 =
1
2
(

𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘
)

(37)

𝐼 is the symmetric fourth order unit tensor. The coefficients 𝐻𝑐𝑠 and

𝐻𝑠𝑐 represent the coupling between the two plastic processes through
the related plastic hardening laws. In order to improve the computa-
tional efficiency, a weak coupling between plastic processes through
the related plastic hardening laws is supposed by adopting 𝐻𝑐𝑠 = 𝐻𝑠𝑐

0.
By using the previous general formulation, the proposed model is

ble to describe the hardening interaction between the two plastic
echanisms and the interstitial pressure. It is then implemented in

he finite element code Abaqus/Explicit, using a dynamic user-defined
aterial (VUMAT) model. This integration process is executed at each
auss point of the elements. At the beginning of each step, an increment
f total strain is applied to the Gauss point. After that, the corre-
ponding increments of stress, interstitial pressure and plastic strains
re estimated using the constitutive equations and loading-unloading
onditions. The solution schema for the 𝑘𝑡ℎ step is elaborated in Fig. 2.

. Calibration of the enhanced model and numerical validation

In this section, the model’s parameters are firstly calibrated by using
series of hydrostatic and triaxial compression tests performed under

ifferent confining pressures and water saturation states. After that, two
ynamic tests are simulated to demonstrate the potential application
f the enhanced model, derived from the static laboratory tests, in the
umerical analysis of coupled hydro-mechanical behaviour of concrete
nder high strain rates with different water contents. We begin with
he parameter calibration.

.1. Parameter calibration

The proposed model consists of 11 parameters: two elastic parame-
ers (𝐸, 𝜈), four parameters (𝜎̄0, 𝑎, 𝛽, 𝑛) related to pore collapse plasticity
nd five parameters for shear plasticity (𝑐1, 𝑐2, 𝑐3, 𝜁 , 𝜂).

Both elastic parameters can be determined from the linear part
f stress–strain curves before the initiation of damage and plastic
eformation. Concerning the parameters of pore collapse plasticity,
hey can be identified by using the experimental results of hydrostatic
ompression tests. The initial pore collapse stress 𝜎̄0 is obtained from
he transition point from linear to non-linear part of stress–strain
urve in a hydrostatic compression test (Fig. 1). The three hardening
arameters (𝑎, 𝛽, 𝑛) can be identified from hydrostatic compression test
y drawing plastic volumetric strain versus mean stress. By using the
alues of 𝜎̄0 obtained in the samples with different 𝑆𝑤, the parameter
𝜎0 , controlling the evolution 𝜎0𝑛 in function of 𝑆𝑤 (Eq. (14)), can be
dentified. The characteristic values of these parameters are given as
ollows: 𝜎̄0,𝑑 = 70 MPa, 𝜎̄0,𝑠 = 35 MPa, 𝑎 = 150, 𝑛 = 1.25, 𝛽 = 70,
𝜎0 = 0, 2.

The three parameters of shear failure surface (𝑐1, 𝑐2, 𝑐3) can be
dentified by plotting the peak stresses obtained in triaxial compression
ests with different confining pressures in the 𝑝 − 𝑞 plane (Fig. 1).
he hardening parameter 𝜁 can be obtained by drawing the hard-
ning function versus the plastic distortion 𝛼𝑠-𝛾𝑝𝑠 (Eq. (23)). Finally,
he parameter 𝜂 is obtained by plotting the volumetric compressibil-
ty/dilatancy transition points in the 𝑝−𝑞 plane. After that, by using the
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Fig. 2. Flow chart for numerical implementation of the improved plastic model at the 𝑘th step.
value of 𝑐2 identified on the samples with different 𝑆𝑤, the parameter
𝜉𝑐2, controlling the evolution 𝑐2 in function of 𝑆𝑤 (Eq. (22)), can be
identified. Finally, one has 𝑐1 = 1.8 and 𝑐3 = 12.3 MPa, 𝜁 = 500, 𝜂 = 1.55,
𝑐2𝑠 = 0.0085, 𝑐2𝑑 = 0.002, 𝜉𝑐2 = 0.3.

3.2. Dynamic oedometric compression tests

The performance of the proposed model under static loading condi-
tions has been verified by Jia et al. [37], via the simulation of a series
of hydrostatic compression tests and oedometric compression tests. The
good agreement between the numerical simulations and experimental
data allows us to confirm that the constitutive model is capable of
describing concrete responses under a wide range of confining pressures
and water saturation states. Since the present study focuses on the
coupled hydromechanical behaviour of a concrete target subjected to a
rigid projectile, the adopted constitutive model and numerical method
will be verified at the material point level by simulating two dynamic
compression tests performed on saturated and dry concretes.

In the oedometric compression test, as the sample is tightly enclosed
in a confinement vessel and compressed by an axial stress, the responses
of concrete can be studied at different levels of confining pressure.
These two dynamic tests have been performed with the help of a
large Split Hopkinson Pressure Bar facility, called SHPB system. The
average strain rates were about the order of 102∕s. Moreover, since
the sample set-up inside the cell prevented the water loss, undrained
conditions were guaranteed during the laboratory tests. The detail of
the experimental set-up can be found in Piotrowska and Forquin [16].
6

In the numerical simulation, the axial displacements are blocked on all
the lateral surfaces and the bottom of the sample while the external
force is only applied on its upper surface. Moreover, an impermeable
conditions is applied on all the external boards of the sample.

The numerical results of the saturated concrete sample are firstly
analysed (Fig. 3a). Three phases are identified in the mean stress
𝑝 - deviatoric stress 𝑞 curve. At the beginning, an elastic phase is
observed. When the applied stress is greater than the plastic yield
stress of pore collapse plasticity 𝜎̄, a plastic hardening phase is clearly
observed due to pore collapse. Once the pores cannot be continuously
compacted, the deviatroic stress tends to converge to a constant value.
This phenomenon is related to the fact that under high confining
pressures, concrete loses its cohesion and behaves like a saturated
granular material. The pore pressure rises and dominates the applied
stress. One can observe that pore water has a significant impact on the
mechanical behaviour of concrete.

After that, the dynamic test of dry concrete is simulated. In the
mean stress-deviatoric stress (𝑝 − 𝑞) curve (Fig. 3b), a more distinct
elastic phase is observed in the experimental results compared to the
saturated sample. Consequently, with the occurrence of pore collapse,
the deviatoric stress gradually increases as the mean stress increases.
However, the finale stabilization of deviatoric stress is not observed
in dry concrete due to the absence of pore water. If the applied stress
continues to increase, the behaviour of dry concrete will approaches
that of the saturated sample, resulting from the pores closure. In gen-
eral, a good agreement is obtained between the numerical simulation
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Fig. 3. Simulation of mean stress 𝑝 - deviatoric stress 𝑞 curves of two one-dimensional dynamic compression tests performed on saturated (a) and dry (b) concretes.
and experiment data, including the stress limit of pore collapse and the
peak values observed in the laboratory tests.

Based on the obtained results, one can conclude that the adopted
constitutive model and numerical method are capable of reproducing
satisfactorily and quantitatively the responses of saturated and dry
concretes under dynamic loading conditions. After that, the penetration
tests performed on concrete targets with different 𝑆𝑤 will be simulated
and studied in the next section.

4. Numerical simulation of the penetration tests performed on
concrete targets

The penetration tests performed with two different initial velocities
of projectile (𝑉𝑝 = 227 and 347 m∕s) will be studied here. In the
penetration test, an ogive-nose projectile with weight of 2.4 kg (Nose
radius to diameter ratio = 5.77 with a diameter of 𝑅 = 52 mm) was used
to hit the centre of the cylindrical unreinforced concrete target (with a
diameter of 80 cm and a thickness of 80 cm), confined in a steel sleeve of
15 mm in thickness. An acceleration recorder system was also installed
in the steel projectile to register the track of its axial deceleration.
The detail of laboratory tests can be found in Bian et al. [47]. In
the numerical simulations, the hard projectile is represented as a rigid
body while the initial velocity is applied on its centre. The steel ring,
confining the concrete target, is simulated by a von Mises elastoplastic
model with a yield stress of order 500 MPa. As the concrete target is
prepared and preserved in saturated limewater until the realization of
penetration test, the concrete target can be considered as fully saturated
during the penetration test.

4.1. Preliminary numerical study

To adopt a reasonable numerical model, some preliminary calcula-
tions have been performed, including the influence of mesh size, 2D/3D
configuration, erosion criterion and friction condition on the interface
between projectile and concrete target.

Firstly, the influence of mesh type/size is studied. By using the
same mesh size, two numerical calculations have been performed in
3D and 2D axisymmetric conditions, respectively. In the 3D numerical
model, the total cylindrical concrete target and projectile are taken into
account while only one half of them are used in the 2D axisymmetric
model. As the projectile is considered as rigid and used to hit the centre
of the isotope concrete target, almost the same results are obtained 3D
and 2D configurations. Therefore, 2D axisymmetric configuration and
7

an uniform mesh composed of quadrilateral elements are adopted in the
present work (Fig. 4) to reduce computational costs. Moreover, in order
to get reliable results with a suitable mesh size, three 2D calculations
with different mesh sizes (80 000, 150 000 and 240 000 quadrilateral
elements) have been performed and a negligible difference is observed
among them. Therefore, in the present work, the cylindrical concrete
target is divided in 200 elements in the radial direction and 400
elements in the depth direction, i.e., 80 000 quadrilateral elements (see
Fig. 4).

When concrete structures are subjected to a rigid projectile, the
failure of concrete inevitably involves in large strain, resulting in
mesh entanglement and distortion. As a result, the numerical analysis
will be prematurely terminated. To address this, an element erosion
technique must be carefully implemented. Under compression loading,
an equivalent strain-based erosion criterion or a damage-based criterion
is generally adopted [40–42,67–70]. The primary focus of the present
study is to investigate the coupled hydro-mechanical behaviour of
concrete targets subjected to a rigid projectile. Special attention is paid
on the effects of pore water pressure, while damage is neglected to min-
imize its effect on the pressure evolution. Accordingly, a strain-based
criterion is then adopted in the present work. Common strain-based
erosion criteria include the incremental plastic strain [42], instanta-
neous geometric strain [69], and maximum shear strain [70], each
with specific formulations and applications in studying the behaviour
of concrete structures subjected to impact loads. Inspired by previous
research, in the present work, a equivalent plastic strain criterion is
adopted to reproduce the shear failure of concrete generally observed
under compression loading and take into account the influence of
confining pressure. When the elements, in which the equivalent plastic
deformation 𝛾𝑝 reaches a predefined value 𝛾𝑝max, will be then eliminated.
To study the influence of 𝛾𝑝max, three numerical simulations with differ-
ent values of 𝛾𝑝max (𝛾𝑝max = 0.5, 1 and 2) have been performed. Finally,
the critical value of 𝛾𝑝max = 2 is adopted for the best fitting of the
experimental results of the penetration test (see Fig. 5).

Moreover, the penetration of projectile into the concrete target
induces a friction force at the interface between the concrete target
and projectile. However, this friction force is very difficult to identify
experimentally. In view of this, the influence of this phenomenon is
also analysed by using three values of the friction coefficient. One
observes that the friction coefficient has an important impact on the
penetration behaviour of projectile: the amplitude of the projectile
deceleration increases with increasing friction coefficient 𝑓 . Its value is
also determined by the best fitting of the experimental results: 𝑓 = 0.2
(see Fig. 6).

Based on the preliminary results, the friction coefficient 𝑓 = 0.2,
the erosion criterion 𝛾𝑝 = 2 and a 2D asymmetric numerical model
max
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Fig. 4. Geometry and used mesh for the penetration tests.
Fig. 5. Influence of maximum equivalent plastic 𝛾𝑝max on the numerical results of penetration test with the projectile velocity 𝑉𝑝 = 227 m∕s.
are adopted in the present work to simulate the penetration tests. All
the calculations are synthesized in Table 1 (see Fig. 6).

4.2. Projectile penetration tests performed on saturated concrete targets

Two penetration tests performed on saturated concrete will be sim-
ulated by using the improved constitutive model. The numerical results
of penetration depth, projectile deceleration and projectile velocity are
simulated and analysed in this section.

The projectile deceleration curves of the penetration tests with two
𝑉𝑝 are firstly given in Fig. 7. Three successive phases are generally
observed : projectile penetration, tunnelling and rapid stop. In the
projectile penetration phase, a strong increase of projectile deceleration
is observed. After that, the deceleration rate tends to stabilize during
the tunnelling phase and exhibits a sharp stop of the projectile at
the end of test. The basic behaviour of the projectile is satisfactorily
simulated by the numerical results. By comparing the results of two
8

different initial velocities, one observes that the amplitude of projectile
deceleration increases with increasing projectile velocity. This obser-
vation is accurately captured by the numerical simulations, with the
consideration of the effects of strain rate.

The evolutions of penetration depth in two tests are presented in
Fig. 8. One observes that the penetration depth increases progressively
with time. For two tests with different 𝑉𝑝, a very good concordance is
generally obtained between the numerical simulations and experimen-
tal data. The comparison of two tests exhibits that the penetration depth
increases with increasing projectile velocity : the penetration depth is
equal to 190 mm in the test with 𝑉𝑝 = 227 m∕s while the projectile of
𝑉𝑝 = 347 m∕s penetrates in the concrete target with a depth of 284 mm.
As a result, we can conclude that the influence of projectile velocity on
the penetration depth of projectile is also captured by the numerical
simulation. According to the projectile velocity (Fig. 9), it is observed
that the projectile velocity decreases progressively with the penetration
of projectile into the target. In general, a good concordance is observed
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Fig. 6. Influence of the friction coefficient 𝑓 on the numerical results of penetration test with the projectile velocity 𝑉𝑝 = 227 m∕s.
Table 1
Numerical simulations of penetration tests with different water saturation degree 𝑆𝑤.

Case N◦ 𝑆𝑤 (%) 𝑝𝑤 𝛾𝑝max Strain rate 𝑉𝑝 (m/s) Numerical results

Projectile deceleration mean value (m/s2) Penetration depth (mm)

Saturated

D1

100 Yes
2

𝐷𝐼𝐹 𝑐
𝑆𝑤

227 158 190
D2 347 243 282

S1

𝐷𝐼𝐹 𝑐
𝑆𝑤

= 1

227 174 180
S2 347 218 307

1

3

227 163 190
2 347 197 327

Numerically dry 3

0 No

227 185 170
4 347 240 281

Dry 5 227 216 138
6 347 303 226

Partially saturated

7 60
Yes

227 182 168
8 347 275 266

9 80 227 173 175
10 347 257 283
Fig. 7. Projectile deceleration versus time in the penetration tests of saturated concrete targets.
between the experimental data and numerical results. Again, the effects
of projectile velocity are well captured by the numerical results.

Finally, the distributions of interstitial pressure in the concrete tar-
gets with two 𝑉𝑝 are discussed. The numerical results of the penetration
test with 𝑉 = 227 m∕s are firstly given at six different moments
9

𝑝

(Fig. 10). An important overpressure is observed around the tunnel field
of projectile trajectory and this overpressure zone progresses forward
in the target during the projectile penetration process. The maximum
value of overpressure (𝑝𝑚𝑎𝑥𝑤 ) initially increases with the projectile pen-
etration (𝑝𝑚𝑎𝑥 = 117 MPa at 𝑡 = 0.2 ms), then tends to stabilize towards
𝑤
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Fig. 8. Penetration depth versus time in the penetration tests of saturated concrete targets.
Fig. 9. Projectile velocity versus time in the penetration tests of saturated concrete targets.
a constant value (𝑝𝑚𝑎𝑥𝑤 = 136 MPa at 𝑡 = 0.8 ms; 𝑝𝑚𝑎𝑥𝑤 = 147 MPa
at 𝑡 = 1.2 ms) and finally decreases with the projectile deceleration
(𝑝𝑚𝑎𝑥𝑤 = 105 MPa at 𝑡 = 1.5 ms). The results of penetration test with 𝑉𝑝 =
347 m∕s are shown in Fig. 11. At the beginning of penetration phase,
higher pressure is observed compared to the test with 𝑉𝑝 = 227 m∕s,
with 𝑝𝑚𝑎𝑥𝑤 = 186 MPa at 𝑡 = 0.1 ms. As the projectile decelerates more
strongly in the test with 𝑉𝑝 = 347 m∕s, one observes that the projectile
is already in the tunnelling phase at 𝑡 = 0.4 ms and a stable pore
pressure is observed from 𝑡 = 0.4 ms to 𝑡 = 1.2 ms: 𝑝𝑚𝑎𝑥𝑤 = 205 MPa
at 𝑡 = 0.4 ms; 𝑝𝑚𝑎𝑥𝑤 = 223 MPa at 𝑡 = 1.2 ms. After that, the interstitial
pressure decreases progressively as the projectile comes to a rapid strop
: 𝑝𝑚𝑎𝑥𝑤 = 108 MPa at 𝑡 = 2 ms. For the dimension of overpressure zone,
it increases progressively with the penetration of projectile into the
concrete target and continues to propagate gradually after the projectile
stop (i.e., after 1.5 ms), indicating a hydromechanical equilibration of
the concrete target.

Based on the numerical results, we can conclude that the adopted
constitutive model and method provide accurate prediction of the
penetration performance of saturated concrete and the projectile decel-
eration. Additionally, the evolution of pore water in the concrete target
is quantitatively predicted by the numerical results. According to the
primary objective of the present work, it is to evaluate the feasibility
of employing a constitutive model, derived from static laboratory tests,
for the numerical analysis of the coupled hydro-mechanical phenomena
10
observed in dynamic tests. In the next section, the influence of strain
rate on the penetration performance of concrete will be discussed by
comparing the previous results with those of 𝐷𝐼𝐹 𝑐

𝑆𝑤
= 1, indicating

the application of a static constitutive model.

4.3. Partial discussion on the influence of strain rate

The numerical results of penetration tests with and without the
effects of strain rate will be compared in this section to illustrate
the effects of strain rate on the penetration performance of concrete
structures. The previously obtained numerical results are regrouped in
two cases : Case D1 with 𝑉𝑝 = 227 m∕s and Case D2 with 𝑉𝑝 = 347 m∕s,
both using the proposed constitutive model presented in the Section 2
(Table 1). Additionally, two other cases without considering the effects
of strain rate (i.e. 𝐷𝐼𝐹 𝑐

𝑆𝑤
= 1) are performed, referred to as Case S1 for

𝑉𝑝 = 227 m∕s and case S2 for 𝑉𝑝 = 347 m∕s.
The comparisons of projectile deceleration and penetration depth

are shown in Fig. 12. A higher deceleration of the projectile is observed
at the beginning of Case D1, where the increase in strain rate leads to a
higher yield stress limit of pore collapse. Additionally, during the tun-
nelling phase of Case D1, a higher projectile deceleration is observed.
This can be explained by the fact that the stronger the resistance of con-
crete, the more difficult it is to penetrate. Moreover, a greater difference
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Fig. 10. Distribution of water pressure in the saturated concrete target at different instants in the penetration test with 𝑉𝑝 = 227 m∕s (Case D1).

Fig. 11. Distribution of water pressure in the saturated concrete target at different instants in the penetration test with 𝑉𝑝 = 347 m∕s (Case D2).
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Fig. 12. Influence of strain rate on the projectile deceleration and penetration depth in the penetration tests of saturated concrete targets with 𝑉𝑝 = 227 m∕s and 347 m∕s.
in penetration depth and projectile deceleration is observed between
the Cases D2 and S2 compared to those with a lower 𝑉𝑝 (Cases D1 and
S1). This observation is due to the fact that with the increase of initial
projectile velocity, the effects of strain rate becomes more important.
The distributions of interstitial pressure in the penetration test with
𝑉𝑝 = 227 m∕s (Case S1), without considering the effects of strain rate,
are given at six different moments (Fig. 13). As previously mentioned,
an important overpressure is also observed around the tunnel field of
projectile trajectory and this overpressure zone develop progressively
into the target with the projectile penetration. The maximum value of
overpressure (𝑝𝑚𝑎𝑥𝑤 ) initially increases with the projectile penetration,
then tends to stabilize towards a constant value (𝑝𝑚𝑎𝑥𝑤 = 168 MPa
at 𝑡 = 0.2 ms; 𝑝𝑚𝑎𝑥𝑤 = 173 MPa at 𝑡 = 0.4 ms; 𝑝𝑚𝑎𝑥𝑤 = 168 MPa
at 𝑡 = 1.2 ms) and finally decreases with the projectile deceleration
(𝑝𝑚𝑎𝑥𝑤 = 89 MPa at 𝑡 = 1.5 ms). However, the obtained values of
water pressure are generally smaller than those of the Case D1. In
general, a similar evolution in the coupled hydro-mechanical behaviour
of concrete and projectile deceleration is observed, regardless of the
presence or absence of strain rate effects

In Cases S1 and S2, despite the non-consideration of strain rate ef-
fects and the slight scatter observed between the experimental data and
numerical results, the general trend of projectile velocity evolution has
been correctly reproduced. Furthermore, the numerical results of cases
S1 and S2 are capable of capturing the effects of projectile velocity, as
well as the coupled hydro-mechanical behaviour of concrete subjected
to the penetration of a rigid projectile. Based on these numerical results,
we can conclude that the main features observed in the penetration
test can be reproduced using a constitutive model derived from static
experimental tests. Moreover, the influence of strain rate on the be-
haviour of concrete with different water saturation levels remains an
ongoing research topic. Since the present work focuses on the coupled
hydro-mechanical behaviour of concrete under impact loads, the static
constitutive model (with 𝐷𝐼𝐹 𝑐

𝑆𝑤
= 1) will be employed to study the

response of unsaturated and saturated concretes subjected to projectile
penetration in the next section. The influence of water saturation on
the penetration performance of concrete will also be discussed.

5. Projectile penetration tests performed on unsaturated concrete
targets

Inspired on the previous parametric study, the penetration tests
are simulated using the static constitutive model (𝐷𝐼𝐹 𝑐 = 1) and
12

𝑆𝑤
a new limit value for erosion criterion (𝛾𝑝max = 3), which is obtained
by best fitting the experimental results of the penetration test with
𝑉𝑝 = 227 m∕s (Case 1). To address the principal objective of the present
study, the penetration preformation of concrete targets with different
𝑆𝑤 is analysed using 𝐷𝐼𝐹 𝑐

𝑆𝑤
= 1 and 𝛾𝑝max = 3 (Table 1).

Due to the dimensions of target (with a radius of 40 cm and a
height of 80 cm) and low permeability of concrete, the total drying of
concrete target to a desired 𝑆𝑤 will take a very long time and then no
dry/unsaturated target is available for the realization of penetration
test in the laboratory. As a result, the penetration performance of dry
concrete and two partially saturated concretes (𝑆𝑤 = 80% and 60%) are
numerically investigated in this section. The dry targets are numerically
reproduced without the consideration of interstitial pressure. For the
partially saturated targets (𝑆𝑤 = 80% and 60%), the liquid pressures
obtained by Eq. (6) are taken as the initial values. The numerical
results of unsaturated concrete targets will be compared with those
of saturated ones (cases 1 and 2) to analyse the influence of water
saturation on the penetration performance of concrete targets.

5.1. Evolution of projectile deceleration

The deceleration-time responses of projectile in the targets with
different 𝑆𝑤 are given in Fig. 14. In general, three phases of projectile
deceleration are clearly observed in the numerical results. To capture
the influence of water saturation on the penetration process of projec-
tile into concrete target, four numerical simulations with 𝑉𝑝 = 227 m∕s
are firstly compared (Fig. 14a). It is observed that water saturation has
an important impact on the projectile deceleration kinetics: the ampli-
tude of projectile deceleration increases with decreasing 𝑆𝑤. Therefore,
the most important projectile deceleration is observed in the dry target
(Fig. 14). After that, the influence of projectile velocity 𝑉𝑝 is discussed
by using the numerical results for the same 𝑆𝑤. One observes that the
higher projectile deceleration is always observed in the test with higher
projectile velocity, i.e., 𝑉𝑝 = 347 m∕s. In order to quantify the influence
of projectile velocity on the penetration behaviour of projectile, the
mean values of penetration decelerations are compared in Fig. 15:
With the increase of 𝑆𝑤, the difference between the results of two
𝑉𝑝 decreases. For instance: the difference of penetration deceleration
between two 𝑉𝑝, is equal to 34 km/s2 for 𝑆𝑤 = 100%, 84 km/s2 for 𝑆𝑤 =
80%, 93 km/s2 for 𝑆𝑤 = 60% and 97 km/s2 for 𝑆𝑤 = 11%, respectively.
The comparison of these four values shows that the smallest value is
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Fig. 13. Distribution of water pressure in the saturated concrete target at different instants in the penetration test with 𝑉𝑝 = 227 m∕s and 𝐷𝐼𝐹 𝑐
𝑆𝑤

= 1 (Case S1).
obtained in the saturated case while a slight difference is observed in
dry and partially saturated cases.

By comparing the tunnelling phase of projectile deceleration curves
(Fig. 14), a significant influence of water saturation on the kinetics
of projectile deceleration is also observed. A quasi-constant projectile
deceleration is observed in the saturated target. For the dry concrete, a
constant increase of projectile deceleration can be noticed. In unsat-
urated concretes (𝑆𝑤 = 80%, 60%), their deceleration evolutions of
projectile are similar initially until a constant value is reached in a
subsequent phase. These observations may be related to the presence
of air in the pores of unsaturated/dry concretes and the dependence
of material strength/behaviour on the water saturation. Under the
high-intensity stress from projectile penetration, air in the pores of
unsaturated concretes can be easily compressed, leading to significant
pore collapse. In contrast, in saturated samples, where pores are filled
with almost incompressible water, substantial overpressure develops
around the projectile trajectory, resulting in a marked decrease in ef-
fective stress on the solid skeleton. Moreover, the strength of saturated
concrete is less sensitive to the increase of applied stress with respect
to the dry and partially saturated ones (Fig. 1b).

5.2. Evolution of projectile velocity

The evolutions of projectile velocity are given in Fig. 16. We begin
with the numerical results of 𝑉𝑝 = 237 m∕s. The smaller 𝑆𝑤 is, the
more important projectile deceleration is (Fig. 16). As a result, the
duration of projectile penetration decreases with decreasing of water
saturation. For instance, in the tests with 𝑉𝑝 = 347 m∕s, the projectile
is stopped at 1.73 ms for 𝑆𝑤 = 100%, 1.4 ms for 𝑆𝑤 = 80%, 1.35 ms
for 𝑆 = 60%, and 1.16 ms for dry concrete. Again, it is observed that
13

𝑤

the influence of projectile velocity is accentuated by the increase of
water saturation. For instance: the penetration duration of projectile
with 𝑉𝑝 = 347 m∕s is longer than that of 𝑉𝑝 = 227 m∕s about 0.27 ms
for 𝑆𝑤 = 100%, 0.14 ms for 𝑆𝑤 = 80%, 0.12 ms for 𝑆𝑤 = 60%, and
0.08 ms for dry concrete. This difference may be also related to two
phenomena: Firstly, under high confining pressures, the failure strength
of saturated concrete tends to a constant while that of unsaturated
concretes increases progressively with increasing confining pressure.
Secondly, more important pore collapse is developed in dry target, with
respect to the fully/partially saturated one.

5.3. Evolution of penetration depth

The curves of penetration depth are compared in Fig. 17. For a
given 𝑉𝑝, it is noted that at the beginning of penetration tests, the same
curve is observed in the tests with different 𝑆𝑤. With the progressive
penetration of projectile into the concrete target, the effects of water
saturation become clear and different penetration depths are obtained
at the end of tests : the final penetration depth increases when 𝑆𝑤
increases (Fig. 15b). The influence of projectile velocity is also studied.
In order to quantify the influence of 𝑉𝑝 on the penetration depth at
different levels of 𝑆𝑤, the difference of penetration depth between
two tests with different 𝑉𝑝 is discussed and compared: 137 mm for
𝑆𝑤 = 100%, 108 mm for 𝑆𝑤 = 80%, 98 mm for 𝑆𝑤 = 60% and 88 mm
for 𝑆𝑤 = 11%, respectively. This observation can be explained by the
dependence of failure strength on the degree of water saturation, the
effective stress applied on solid skeleton and the presence air/water
in the pores. Under high confining pressures, the failure strength of
dry and partially saturated concretes increase progressively with the
increase of mechanical loading while the failure strength of saturated
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concrete increases very slightly and tends to converge towards a con-
stant (Fig. 1b). When the concrete target is penetrated by a rigid
projectile, a higher projectile velocity results in a more high-intensity
stress state in concrete target [47]. As a result, unsaturated concretes
exhibit a more important increase of failure strength in the test with
𝑉𝑝 = 347 m∕s with respect to the saturated ones. Consequently, a
higher projectile deceleration response is observed in the target with
smaller 𝑆𝑤 and induces a smaller increase of penetration depth when
𝑉𝑝 increases from 227 m∕s to 347 m∕s. Moreover, in saturated targets,
he induced high-intensity stress is carried by both pore water and solid
keleton while it is partially/only supported by the solid skeleton phase
n partially saturated/dry concretes. Additionally, free water lubricates
he spaces between concrete and projectile, reducing viscous friction
nd then facilitate the penetration of projectile in the concrete target.
s a result, the most important pore collapse is observed in unsaturated
amples, which prevents the projectile penetration. As a result, the
iggest difference of penetration depth in the tests with two 𝑉𝑝 is

obtained in saturated samples.

5.4. Evolution of interstitial pressure

The evolutions of interstitial pressure in unsaturated concrete target
are given in Fig. 18. An overpressure zone is also observed around the
projectile trajectory and advances progressively with the projectile pen-
etration. In general, one observes that the maximum interstitial pres-
sure obtained in the sample decreases with increasing water saturation,
while the dimension of overpressure zone increases with decreasing
water saturation. For instance: at 𝑡 = 0.1 ms, 𝑝𝑚𝑎𝑥𝑤 = 180 MPa for 𝑆𝑤 =
60% and 𝑝𝑚𝑎𝑥𝑤 = 116 MPa for 𝑆𝑤 = 100%; at 𝑡 = 0.4 ms, 𝑝𝑚𝑎𝑥𝑤 = 297 MPa
for 𝑆𝑤 = 60% and 𝑝𝑚𝑎𝑥𝑤 = 180 MPa for 𝑆𝑤 = 100%. These observations
may be related to the presence of air in the unsaturated concrete (𝑆𝑤 =
60%) and important pore collapse obtained in the sample. As a result,
higher interstitial pressure occurs in the unsaturated sample (𝑆𝑤 =
60%) with respected to the saturated one. With the combination of
pore collapse and volumetric compaction induced by the high-intensity
stress, the unsaturated sample is saturated progressively around the
projectile trajectory while the other part keeps its initial value of 𝑆𝑤
and seems to be undisturbed by the projectile penetration.

The variations of interstitial pressure 𝛥𝑝𝑤 at two points (A, B)
located on the line 𝑥 = 0.7𝑅 are given in Fig. 20a. The distances
between the upper surface of concrete target and the points A, B are
equal to 50 mm and 100 mm, respectively. In general, three successive
phases are observed in different curves of 𝛥𝑝𝑤 : a rapid increase
phase, a steady phase and a rapid decrease phase. This observation is
consistent with three phases of projectile deceleration. For the point
A, the comparison of three curves of 𝛥𝑝𝑤 shows that the increasing
amplitude of 𝛥𝑝𝑤 increases with decreasing degree of water saturation
and the biggest 𝛥𝑝𝑤 is observed in the case with the smallest 𝑆𝑤
(i.e., 𝑆𝑤 = 60%). The same phenomenon is observed in three curves
of point B. These phenomena are related to the volumetric compaction
of concrete targets: the most important 𝛥𝑝𝑤 is obtained in the case of
𝑆𝑤 = 60%, where the largest number of pores are filled with air. For
a given 𝑆𝑤, two curves of points (A, B) are compared. One observes
that the values of 𝛥𝑝𝑤 at the point A are generally smaller than those
of the point B. This observation is coherent with the rapid increase of
interstitial pressure during the penetration phase.

On the other hand, two points C, D, located at the line 𝑥 = 1.5𝑅 are
presented in Fig. 20b. Three phases are also observed in two curves
of saturated concrete. However, rapid increase or decrease of 𝛥𝑝𝑤 is
no more observed and 𝛥𝑝𝑤 increases/decreases progressively with the
projectile penetration/deceleration. Moreover, 𝛥𝑝𝑤 of the point D is
higher than that of the point C, which is closer to the upper surface
of target than D. These observations are due to the fact that the high-
intensity stress increases progressively with the projectile penetration.
Moreover, in the unsaturated sample with 𝑆𝑤 = 80%, the higher 𝛥𝑝𝑤
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is obtained at the point C with respected to the point D, where the
evolution of 𝛥𝑝𝑤 is almost undisturbed by the projectile penetration.
Moreover, for the sample with 𝑆𝑤 = 60%, the evolutions of 𝛥𝑝𝑤 at two
points C, D are almost independent on the projectile penetration. Again,
the numerical results exhibit that water saturation of concrete has an
important impact on the response of target subjected to the penetration
of a rigid projectile: the dimension of overpressure zone decreases with
decreasing water saturation and the evolution of interstitial pressure
𝛥𝑝𝑤 depends on both the saturation state of concrete target and the
distance between the projectile trajectory and studied zone/point.

Generally, with the decrease of water saturation, the projectile
deceleration increases and the penetration depth decreases. Moreover,
the influence of projectile velocity on the penetration behaviour of
projectile increases with increasing water saturation of concrete. These
numerical results allow us to get a quantitative estimation of the
influence of water saturation on the penetration performance of con-
crete targets. In conclusion, the projectile penetration process depends
strongly on the water saturation of concrete structure (see Fig. 19).

5.5. Discussions

To illustrate the importance of a coupled hydro-mechanical mod-
elling of penetration performance of concrete targets, two penetration
tests performed on saturated concrete targets are recalculated using
the same parameters without the consideration of interstitial pressure,
called numerically dry cases (i.e. Cases 3 and 4) in Table 1. The
numerical results of penetration tests, with and without interstitial
pressure 𝑝𝑤, are compared in Figs. 21 and 22. One observes that the
influence of interstitial pressure is clearly identified: for a given 𝑉𝑝, a
more important projectile deceleration is observed in the numerically
dry concrete (𝑝𝑤 = 0). This observation is related to the fact that in
saturated concrete, the volume decrease creates an increase of inter-
stitial pressure and then induces a decrease of effective stress applied
on the solid skeleton. As a result, the projectile is decelerated more
rapidly in numerical dry concrete (𝑝𝑤 = 0) and a smaller penetration
depth is then obtained. On the other hand, for a given 𝑉𝑝, it is observed
that the influence of projectile velocity on the penetration response of
concrete target is amplified by the presence of free water. For instance:
the difference between the mean values of projectile deceleration of
saturated target and that of numerically dry case is equal to 22 km/s2
for 𝑉𝑝 = 227 m∕s and 43 km/s2 for 𝑉𝑝 = 347 m∕s while the difference of
the corresponding penetration depth is about 20 mm for 𝑉𝑝 = 227 m∕s
and about 56 mm for 𝑉𝑝 = 347 m∕s. Theses observations are coherent
with the experimental observations [33]. Based on the previous results,
we can conclude that the mechanical behaviour of concrete is strongly
coupled with its hydraulic response. To get a good evaluation of
structure safety, it is necessary to take into account the influence of
interstitial pressure and perform a coupled hydromechanical modelling
in the penetration tests.

There are several, occasionally conflicting, mechanisms that can
explain the sensitivity of strength to water content. Firstly, the skele-
ton is strengthened by the surface tension of the air/water interface
layer within the material because of the capillary suction effects [26,
71]. Meanwhile, concrete strength decreases as the degree of satu-
ration increases due to the decrease of capillary suction. Secondly,
water acts as a wedge in fracture. Under static/quasi-static loading
conditions, water gradually fills the meniscus, the tip of the crack,
creating a point of stress concentration where the crack propagates
and weakens saturated samples. On the other hand, free water rushes
to expand/push out of cracks quickly under dynamic loading, which
results in a strength increase since it does not have enough time to build
stress concentration at the crack tip [7]. Thirdly, free water lubricates
the spaces between the material’s cracks, reducing viscous friction and
then weakening the porous media [72]. Fourthly, the Stephan effects
produce a response force on the plates according to the separation ve-
locity when a viscous liquid is trapped between two rapidly separating

plates [73]. Fifthly, the concrete strength increases with the applied
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Fig. 14. Projectile velocity versus time in the penetration tests with different 𝑆𝑤.

Fig. 15. Comparison of numerical results with different 𝑆𝑤.

Fig. 16. Projectile velocity versus time in the penetration tests with different 𝑆𝑤.
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Fig. 17. Comparison of numerical results with different 𝑆𝑤.
Fig. 18. Distribution of water pressure in the unsaturated concrete target (𝑆𝑤 = 60%) at different instants in the penetration test with 𝑉𝑝 = 227 m/s.
loading due to the increase in pore water pressure within the cement
matrix. Some researchers refer to this phenomenon as restricting ef-
fects [17]. However, this pressure increase within gel pores, observed
in some experiments [19,21,35,74], potentially induces split-tensile
force and further degrades material strength. Finally, the strength of
a wet concrete may be degraded by moisture and temperature-induced
expansion, which may create internal stress on certain components of
concrete, such as olivine, pyroxenes and quartz [47].

6. Conclusions

In the present work, an elastoplastic model is improved to describe
the influence of water saturation on the penetration performance of
16
concrete structures. The modified model is then verified by comparison
with the experimental data at material and structure scales. A series of
parametric studies are performed to investigate the influence of water
saturation on the penetration performance of concrete targets subjected
to a rigid projectile. The conclusions are summarized as follows:

(I). Water saturation of concrete has an important impact on the
penetration performance of concrete structures due to the dependence
of failure strength on water saturation, the induced pores closure, the
interstitial pressure and the presence of free water;

(II). During the penetration of a projectile in a concrete target, target
with lower saturation degree exhibits higher penetration resistance,
indicating a smaller penetration depth and a more important projectile
deceleration;



Engineering Structures 316 (2024) 118563

17

Y. Jia et al.

Fig. 19. Distribution of water saturation in the unsaturated concrete target (𝑆𝑤 = 60%) at different instants in the penetration test with 𝑉𝑝 = 227 m/s.

Fig. 20. Projectile velocity versus time in the penetration tests with different 𝑆𝑤.
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Fig. 21. Influence of interstitial pressure 𝑝𝑤 on the projectile deceleration in saturated targets.
Fig. 22. Influence of interstitial pressure 𝑝𝑤 on the numerical results of saturated targets.
(III). Concerning the interstitial pressure, an important overpressure
zone is observed around the penetration trajectory and advances pro-
gressively into the target during the penetration process of projectile
: the dimension of overpressure zone decreases with decreasing water
saturation;

(IV). The evolution of interstitial pressure in concrete structure
depends on both the saturation state of concrete and the distance
between the projectile trajectory and the studied zone/point;

(V). The influence of projectile velocity on the penetration perfor-
mance of concrete target is accentuated with the increase of water
saturation and the presence of pore water.

The present study is capable of providing a quantitative estima-
tion of hydro-mechanical behaviour of concrete target subjected to a
rigid projectile. The vulnerability of concrete structures subjected to
near-field impacts requires a good understanding of the coupled hydro-
mechanical behaviour of concrete. Moreover, numerical modelling and
analysis will enhance our understanding of the vulnerability of concrete
infrastructure subjected to near-field detonations or impacts. By incor-
porating the influence of strain rate on concrete behaviour through
a semi-empirical function, the present work represents the first series
of numerical results on the hydro-mechanical behaviour of saturated
and unsaturated concretes under projectile impacts. Future numerical
simulations will be performed by incorporating more detailed effects of
strain rate in penetration tests.
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Nomenclature

𝑑𝜀 Total strain tensor
𝑑𝜀𝑒 Elastic strain tensor
𝑑𝜀𝑝 Plastic strain tensor
𝑝𝑔 Pressure of gas mixture
𝑝𝑣𝑎 Pressure of vapour
𝑝𝑑𝑎 Pressure of dry air
𝑝𝑤 Water pressure
𝑝𝑐𝑝 Capillary pressure
𝑑𝜋 Equivalent pore pressure
𝑆𝑤 Water saturation degree
𝐾𝑏 Drained bulk modulus
𝐺 Shear modulus
𝜀𝑒𝑣 Elastic volumetric strain
𝛿 Second-order unit tensor
𝑀𝑤𝑤 Biot’s modulus
𝑏 Biot’s coefficient
𝜙 Porosity
𝐾𝑠 Bulk modulus of solid matrix
𝐾𝑤 Compressibility modulus of liquid water
𝜎′ Net stress tensor
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d𝜀𝑝𝑠 Shear plastic part
d𝜀𝑝𝑐 Plastic pore collapse part
d𝜙𝑝 Porosity variation
𝐹𝑐 Yield function for pore collapse plasticity
𝑝 Mean net stress
𝑞 Deviatoric net stress
𝜎̄ Plastic yield stress of concrete solid matrix
𝑠′ Deviatoric stress tensor
𝜀𝑝𝑐𝑀 Plastic volumetric strain due to pore collapse
𝜎̄0 Initial yield stress of the solid matrix
𝑎, 𝑛, 𝛽 Three hardening law parameters for pore collapse

plasticity
𝑛𝑠 Asymptotic value of 𝑛 for saturated concrete
𝑛𝑑 Asymptotic value of 𝑛 for dry concrete
𝜉𝑛 Parameter controlling the evolution 𝑛 in function of 𝑆𝑤
𝑄𝑐 Plastique potential function for pore collapse plasticity
𝐹𝑠 Yield function of shear plasticity
𝛾𝑝𝑠 Shear plastic distortion
𝛼𝑠 Hardening law of shear plasticity
𝑝𝑟 Reference pressure
𝑐1 Equivalent friction coefficient
𝑐3 Cohesion coefficient
𝑐2 Nonlinearity of yield surface for shear plasticity
𝜉𝑐2 Parameter controlling the evolution 𝑐2 in function of 𝑆𝑤
𝑐2𝑠 Value of 𝑐2 for saturated concrete
𝑐2𝑑 Value of 𝑐2 for dry concrete
𝛼0𝑠 Initial yielding threshold of shear plasticity
𝜁 Parameter controlling the plastic hardening rate
𝛿 Second order unit tensor
𝜂 Slope of the boundary between contractive and dilatant

zones
𝐼0 Intersection of the plastic potential surface with the 𝑝

axis
d𝜙𝑝𝑠 Porosity related to shear plasticity
d𝜙𝑝𝑐 Porosity related to pore collapse plasticity
𝑑𝜆𝑐 Plastic multiplier for pore collapse plasticity
𝑑𝜆𝑠 Plastic multiplier for shear plasticity
𝐶 Elastic stiffness tensor

𝐾 Bulk modulus
𝑑𝑓𝑐 , 𝑑𝑓𝑠 Plastic consistency conditions
𝐼 Symmetric fourth order unit tensor

𝑉𝑝 Velocity of projectile
𝛾𝑝𝑚𝑎𝑥 Equivalent plastic deformation for the erosion criterion
𝑓 Friction coefficient
𝛥𝑝𝑤 Variations of interstitial pressure
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