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Abstract — A new constitutive model is proposed for the description of the coupled elasto-plastic-
damage behaviour of concrete under a wide range of confining pressure. Based on experimental 
investigation, two plastic flow mechanisms are identified: plastic shear mechanism at low confining 
pressure and plastic pore collapse mechanism at high confining pressure. Furthermore, the increase of 
water saturation in concrete structure induces the diminution of capillary pressure in liquid contact 
which leads to an additional plastic deformation. Consequently, influence of water saturation state on 
the mechanical behaviour is also studied in this paper. This model is validated by comparisons with 
triaxial compressive tests conducted on concrete specimen with GIGA press at the laboratory 3S-R 
(Université Joseph Fourier - Grenoble). Then, simulations of dynamic penetration tests with rigid 
projectile on concrete slabs were carried out so as to validate numerical approach. 
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1. Introduction 

Concrete is the most widely used manufactured material in many types of engineering structures 
(hydraulic dams, nuclear power plants and civil engineering structure…etc). The mechanical 
behaviour of concrete is still rather poorly studied, especially under extreme loading. In particular, 
when the structure is subjected to near-field detonations or ballistic impacts, very high-intensity 
triaxial stress is developing locally. In order to evaluate the mechanical behaviour of concrete under 
such high confining pressure, extensive experimental investigations and numerical simulations are 
necessary. 

For few years, experimental tests have been performed on concrete with confining pressure up to 
650 MPa by mean of a high-capacity hydraulic triaxial press, called "GIGA" press and located at 
laboratory 3S-R at Grenoble [1], [2]. This experimental device makes it possible to reach, within the 
samples, stress levels on the order of one GPa with static, homogeneous and well-controlled load 
paths. These works have shown that, under high confining pressure, the degradation of material 
stiffness is significantly reduced and an important pore collapse process is developed in material. The 
increase in confining pressure leads to a change in the macroscopic mode of failure, i.e. form brittle to 
ductile behaviour. Furthermore, the mechanical behaviour of concrete is strongly sensitive to the water 
saturation degree. The saturation of concrete by water could induce pore collapse and substantial 
plastic deformation [2]. In conclusion, these works have shown that the mechanical behaviour of 
concrete is very complex, and characterized by various features: low material cohesion, strong 
pressure sensitivity, pore collapse process, dependency on porosity and water saturation states. Figure 
1 shows the effect of saturation ratio on concrete volumetric and deviatoric behaviour. 

From those observations a new elastoplastic model coupled with damage for the description of 
mechanical behaviour of concrete has been developed. The verification of the proposed model is 
presented by comparing numerical simulations and experimental data obtained under triaxial 
compressive loadings in saturated and dried conditions. 

To evaluate the water content effect on projectile penetration of concrete structures, CEA-Gramat 
has realized dynamic penetration tests on thick saturated concrete slabs. Penetration depths, projectile 
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deceleration, residual velocities and crack pattern have been recorded to validate the presented 
numerical model. 

Fig. 1 : Effect of saturation ratio on concrete volumetric and deviatoric behaviour [2] 

2. Modelling 

A new coupled elastic-plastic-damage model has been developed at Laboratory of Mechanics of 
Li lle. In this paper, the general framework of this model is firstly proposed by for quasi-dry porous 
media. Afterward, based on the experimental investigation, a unified model is proposed for quasi-dry 
concrete under different confining pressure (up to 650 MPa). Furthermore, the strong influence of 
water saturation state on the concrete behaviour is taken into account in the framework of partially 
saturated porous media. 

2.1. Coupled elastoplastic damage model for dry cementitious material 

Triaxial compressive tests conducted with GIGA press for different confining levels have shown 
different damage and plastic mechanisms in concrete behaviour [1], [2]. Under low confining pressure, 
the basic behavior of concrete is brittle elastic or brittle elastoplastic. The material fails under limiting 
stress. A damage model can reproduce typical failure modes of concrete (i.e. cracking in tension and 
crushing in compression) under uniaxial tension and compression conditions. As the confining 
pressure increase, there is a transition from brittle to ductile behaviour. At high confining pressures, 
when the mean stress reaches a limit value, an irreversible volumetric strain is produced, 
corresponding to the phase of plastic collapse of pore structure. Finally, it is decided to use a plastic 
damage model with two plastic mechanisms for the mechanical behaviour of concrete: a shear plastic 
mechanism under low confining pressure and a pore collapse mechanism under high confining 
pressure. 

In this section, an elasto-plastic-damage model for concrete failure is developed. The plastic part of 
the proposed model is based on the normal stress and defined by the yield function, the flow rule and 
the evolution law for the hardening variable. The damage model is based on the plastic strain and 
consists in the damage criterion and the damage law. 

Damage characterizing: 

To take into account the difference between tensile (maximum strength=2-3 MPa) and compressive 
(maximum strength=30-40 MPa) behaviour of a normal concrete, the tensile damage ωt is controlled 
by an equivalent tensile strain εeq while the compressive damage ωc is dominated by the total 
deviatoric strain γ. 

Inspired from the damage model proposed by Mazars [3], the tensile damage criterion ft
w and the 

compressive damage criterion fc
w are described by two exponential forms as following:  
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,0tYω and ,0cYω  are respectively the initial thresholds of damage in tension and compression. 

The parameterscB  and tB  respectively control the evolution kinetics of the compressive and tensile 

damage. 

In order to account for unilateral effects (cracks opening and closure), the global damage effects 
are represented by the following global damage coefficient: 

 ( )1 t c t tω α ω α ω= − +
  

The αt and αc coefficients, which depend on the stress state, determine different effects of tensile 
and compressive damage (αt + αc=1). 

Plastic pore collapse characterizing: 

Under high confining pressure, the plastic pore collapse induces an increase of contact surface 
between grains, which leads to a plastic hardening phase. Inspired by the plastic model proposed by 
Gurson [4], the following plastic yield function is expressed as the basic yield function of the pore 
collapse mechanism: 
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where q denotes the equivalent deviatoric stress. q1 is a material parameter which determines the 
geomaterial form of yield surface. φ represents the porosity of concrete. 

The coefficient σ  represents the plastic yield stress of concrete solid matrix, which depends on the 
mechanical properties of solid grains and the various contact forces. 

Based on the experimental investigation from hydrostatic phase of triaxial compression test, a 
plastic isotropic hardening law is proposed for plastic collapse mechanism: 

0 1 ( )
pc
Mbpc n

Ma e εσ σ ε = +
   

where εpc
M is the plastic volumetric strain due to the pore collapse process εpc

M=tr(εpc), taken as the 
internal hardening.  

0σ denotes the initial yield stress of solid matrix. a, n and b are three parameters of the hardening law, 

which can be identified form an hydrostatic test. 
 

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

    
( ) ( )1 pctrφ φ= −& &εεεε

 
In order to describe the plastic volumetric deformation, a non-associated plastic flow rule is developed 
for the pore collapse process in concrete. By taking a similar form as the yield function, the following 
function is proposed as the plastic potential: 
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Plastic shear characterizing: 

According to experimental data for concrete in various loading paths, a curved yield surface is 
necessary in order to take into account the strong pressure dependence. Consequently, the following 
yield function is used: 
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with p the mean stress (positive in compression), q the deviatoric stress, both associated to the 
effective stress tensor, Slq denotes water saturation. The function g(θ) defines the dependency of yield 
function on the Lode angle. In the absence of relevant data and for the sake of simplicity, the function 
g(θ) is taken equal to 1. The coefficient pr is a normalizing coefficient taken here to be equal to 1 
MPa, and Cs denotes the coefficient of cohesion of dry material. In the case with B=0, this simplified 
case of the proposed model is equivalent to the classical Drucker-Prager type model which is widely 
used in geomaterials.  
 
In the proposed model, the post-peak softening is controlled by the damage evolution. Consequently, 
the failure surface increases with plastic distortion γps and decreases with the damage growth ω. The 
plastic hardening law is proposed as following:  
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The parameter ζ controls the rate of plastic hardening. The function χp is introduced in order to better 
describe the strong pressure sensitivity of plastic hardening in concrete, which is controlled by the 
parameter β1. 
 
In order to describe the transition from plastic volumetric compressibility to dilatancy with the 
increase of the applied deviatoric stress, a non-associated plastic flow rule has to be defined. Based on 
experimental observation [5], the following plastic potential is used: 
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The parameter I0 defines the intersection of the plastic potential surface with the p axis. The boundary 
between compressibility and dilatancy domains is defined by the condition ∂Qs/∂p = 0  which is 
expressed as following: 

   ( ) ( ) ( )1 0s s sf q g p Cω ω µ θ= − − − =
 

The parameter µs  defines the slope of the boundary between compressibility and dilatancy zones. 

2.2. Extension to saturated and partially saturated conditions 

As indicated in experimental data, the mechanical behaviour of concrete is very sensitive to 
water saturation degree. The main factor of this dependency is the variation of capillary pressure 
during variation of hydraulic condition. The cimentitious material can be assimilated to an isotropic 
porous medium saturated by a liquid water phase (noted by index lq) and a gas mixture phase (noted 
by index gz). The gas mixture is a perfect mixture of dry air (noted by index da) and vapor (noted by 
index va). Denoting pα the pressure of the fluid phase α (α=lq,va, da), the pressure of gas mixture pgz 
is expressed by the following relation: 

     gz vp dap p p= +& & &
 

The capillary pressure pcpis defined as follow: 

     cp gz lqp p p= −& & &
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Based on the previous works by Coussy et al. [6], [7], the effects of liquid and gas pressure are 
characterized by an equivalent pore pressure:  

    
( )gz lq cp cpp S p pπ = − && &

;
π π= ∫ &  

Slq denotes water saturation. Using this equivalent pore pressure, the elastic constitutive relations for a 
partially saturated concrete are expressed as: 
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In the case of Slq=1, the formulation for saturated concrete is obtained. 
 
Based on the concept of net stress (total mean stress plus gas pressure), proposed by Alonso et al. 

[8] and called Barcelona method, the capillary pressure is used as a complementary force variable. 
Elastic properties and plastic functions explicitly depend on this capillary pressure. 

For example, to take into account the water saturation degree which affects the plastic yield stress 
of the plastic pore collapse mechanism, the hardening function for partially saturated or saturated 
concrete can be expressed as follows: 
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The function n(Slq) varies from the asymptotic value for dry concrete n0 to the asymptotic value for 
fully water saturated concrete ns. 

 

An important advantage of this model concerns its explicit formulation where the stress tensor 
can be directly established knowing the total strain tensor.  

2.3 Validation 

The simulations of uniaxial, hydrostatic and triaxial compression tests on a dried (saturation 
ratio=11%) and saturated (saturation ratio=100%) concrete specimen have been performed. Some 
representative results are shown in Fig. 2 and Fig. 3. The influence of water saturation on the 
mechanical behaviour of concrete is correctly reproduced by the proposed model. In conclusion, the 
proposed model is capable to reproduce the hydromechanical behaviour of concrete under a large 
range of confining pressure. 

 

Fig. 2 : Uniaxial compression test for a dried and saturated concrete sample 
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Fig. 3 : Triaxial compression test for a dried and saturated concrete sample at a confining pressure of 650 MPa 

3. Penetration experiments 

CEA-Gramat has conducted penetration tests with a 2.4 kg ogival nose projectile (CRH=5.77, 
L/D = 5.77 and D°= 52 mm) launched into a cylindrical unreinforced concrete block 800 mm thick 
and 800 mm in diameter. 35NCD16 steel projectile is designed to mount an acceleration recorder 
system inside to measure the axial deceleration during the tests. 

Experimental instrumentation is completed by using high speed video cameras to observe the 
interaction between the projectile and the target. After firing, a topographic laser system allows to 
measure the dimensions of crater created by spalling and tunnelling mechanisms during projectile 
penetration. 

The figure 4 shows the gas launcher “DEIMOS” at CEA-Gramat and the projectile with its 
recorder system. Tests have been performed with different impact velocities (from 225 to 425 m/s). 

  

Fig. 4 : Gas launcher and rigid projectile with its acceleration recorder system 

A standard concrete mixture named R30A7, defined several years ago by CEA-Gramat and 
Laboratory 3SR at Grenoble, has been used for concrete slabs. The tested R30A7 concrete displays a 
28-day compressive strength of 30 MPa. It should be noted that a very high-quality cement is used. 
This high quality gives better material reproducibility and leads to a particularly low cement volume. 
Aggregate compounds, with a maximum size of 8 mm are derived from natural deposits (rolled 
aggregates, 99% quartzite). 

Cylindrical unreinforced concrete targets have been casted and conserved in water until penetration 
tests (concrete can be considered as completely saturated). A steel ring around the cylindrical target 
allows to confine concrete during projectile impact. 

Fig. 5 shows results in terms of penetration depth versus initial projectile kinetic energy. Penetration 
capacity varies linearly with the initial velocity of projectile. The mechanisms of spalling and 
cratering on the front face of slab can be observed after test on Fig. 5. 
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Fig. 5 : Penetration depth versus initial kinetic energy and front face of target after shot (Vi=227 m/s) 

4. Simulations 

Concrete model presented in this paper has been implemented in Abaqus/Explicit v12 [9]. 2D 
axisymmetric finite elements are used for concrete modelling, the projectile is assumed to behave as a 
rigid body. Two penetration tests have been simulated, one with an initial velocity of 227 m/s and one 
with 347 m/s. 

Fig. 6 and Fig. 7 give respectively the temporal evolutions of the projectile deceleration and 
penetration depth for an initial projectile velocity of 227 and 347 m/s. Experimental and numerical 
comparisons show a good agreement although an over-prediction of the penetration in the 
computation. Penetration depths obtained numerically are about 211 mm for 227 m/s (193 mm 
experimentally) and about 347 mm for 347 m/s (268 mm experimentally). Strain rate effects on 
penetration mechanisms, not take into account in our concrete model, can explain such difference 

 
 
 
 
 
 
 
 
 
 

    
Fig. 6 : Evolution of the projectile deceleration and the penetration depth (Vi=227 m/s) 

        

 

 

 

 

 

 

Fig. 7 : Evolution of the projectile deceleration and the penetration depth (Vi=347 m/s) 

Fig. 8 shows experimental crater measures in red line (obtained by topographic laser system) and 
numerical damage pattern. Damage obtained by concrete model seems to under-predicted but crater 
form seems to be quite accurate with experimental results.  
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Fig. 8 : Experimental (in red) and numerical comparisons of crater dimensions for Vi=227 m/s and 447 m/s 

5. Conclusions 

Based on a phenomelogical analysis of a large experimental database of triaxial tests on dried and 
saturated concrete, a hydromechanical model has been developed. Two plastic deformation 
mechanisms and damage mechanism have been taken into consideration: plastic shearing and damage 
developed under low confining pressure and plastic pore collapse deformation observed under high 
confining pressure. The simulations of GIGA press tests, performed on various loading paths have 
shown a good agreement with experimental data. The proposed model is able to describe the main 
features of poromechanical behaviours for the concrete, such as irreversible deformation and pressure 
sensitivity (i.e. transition from volumetric compressibility to dilatancy and damage which develops 
under low confining pressure; pore collapse developed under high confining pressure). 

Comparisons with experimental penetration results have shown the capacity to the presented model 
to reproduce the response of concrete under high confinement. However, some discrepancies remain 
to obtain more accurate penetration depth and spalling phenomena. It may be related to the absence of 
a strain rate dependency mechanism in our concrete model [10]. 
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