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Abstract Concrete structures are widely used as shield-
ing barriers to protect sensitive infrastructures. Possible
accidental conditions such as aircraft impacts on nu-
clear containments, have led to an increasing demand
for advanced design of concrete structures under ex-
treme loading. Several studies have shown that the pres-
ence of free water in concrete significantly affects its
response when subjected to static loading with high
mean stresses or dynamic loading with high strain rates.
Therefore, the aim of this paper is to investigate the in-
fluence of the saturation ratio on perforation and pen-
etration of concrete. To achieve this purpose, the study
will simulate the impact of ogive-nosed steel projectile
on three plain concrete targets, passively confined by
means of steel jackets surrounding the cylindrical spec-
imens.

Keywords Discrete element model - Impact -
Concrete - Water saturation ratio - Strain rate effect

1 Introduction

The safety and protection of sensitive infrastructures
under severe dynamic loading, such as earthquakes and
impacts, is an important topic of study in the field
of civil engineering. The partial or complete failure of
these structures, such as nuclear power reactors, dams,
and high-rise buildings, poses a significant threat to hu-
man life. A massive concrete structure subjected to the
impact of a rigid projectile undergoes three successive
damage phases: cratering on the front face of the struc-
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ture associated with simple tension, dynamic compres-
sion during projectile penetration, and spalling on the
rear face depending on projectile velocities and target
thickness [40], [24], [9], [15]. To better understand com-
plex phenomena such as brittle damage, compaction
under very high confining pressure (up to 650 MPa),
and the strain-rate effects, multiple experimental stud-
ies have been conducted on widely investigated R30A7
concrete (0. = 30 MPa at 28 days). Previous studies
aimed to understand the effect on the concrete behav-
ior under quasi-static conditions of the loading path
[19], [20], [38], [12], [25], of saturation and water-to-
cement ratios [37], of coarse aggregates shape and com-
position [30], [31], of initial matrix porosity [26], and
of water interstitial pore pressure [1]. Spalling experi-
ments were also performed to evaluate the high strain-
rate tensile strength of concrete [13], [15].The results
have proved that the unconfined compressive strength
is a poor indicator of the high-pressure mechanical re-
sponse of concrete, and that the water saturation ra-
tio is an important parameter governing the triaxial
compressive strength of concrete. Furthermore, the au-
thors have noted that pore pressure could be of the
order of the confining pressure under hydrostatic test
at 400 MPa. For the investigation of concrete behavior
under dynamic loading, missile impact tests were per-
formed on plain concrete targets of 300mm and 800mm
in thickness using the same type of concrete mixture
[32]. Many finite element models were proposed to sim-
ulate phenomena occurring during missile impact: brit-
tle damage in tension, pore closure under high triaxial
stress, and strain rate effects ([27], [33], [6], [23]). These
finite element models demonstrated a good capacity to
reproduce the pre-failure behavior but a limited abil-
ity to describe severs damages such as fragmentation
mechanisms at the macro scale. In addition, such fi-
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nite element models are based upon an erosion criterion
that has no physical sense and that must be identified
for each test. A 3D Discrete Element Method (DEM)
model was developed by Daudeville et al. [2], [18], [36]
to simulate the penetration test, but the effect of sat-
uration ratio was not taken into consideration. Only a
few finite element models accounted for the influence
of the saturation ratio on the response of concrete tar-
gets under impact ([6], [17], [3], [39]). The aim of this
paper is to present a new DEM model implemented in
the open-source code YADE [22] that can reproduce the
behavior of concrete targets under impact loading in-
cluding the effect of water saturation ratio. To achieve
this, specific interaction laws between discrete elements
(DE) were developed and validated under quasi-static
compression at very high confinement pressure under
both dry and very wet conditions [5]. The perforation
and penetration tests performed on wet targets are sim-
ulated with the new DEM model and results are com-
pared with the experimental data.

2 Concrete Model
2.1 Constitutive model description

The constitutive DEM model implemented in this study
was validated, at the macroscopic scale, through numer-
ical simulations of triaxial tests on R30A7 concrete at
very high confinement pressures under quasi static con-
ditions [5]. Each spherical DE has 6 degrees of freedom
(DOF) (3 translations, 3 rotations). Under impact, con-
crete material experiences high levels of stress, leading
to irreversible strain such as compaction. To capture
this behavior, the model includes six nonlinear interac-
tions between DE. These six interactions correspond to
tension-compression, shear (2 directions) and involve
the translation DOFs as well as torsion and bending
(2 directions) that involve the rotation DOFs (see [5]
for further details). Moreover, since the saturation ratio
of concrete affects its behavior significantly, the model
incorporates a dependency between the water satura-
tion ratio and the inelastic deformation caused by pore
closure. Table 1 shows the constitutive behavior pa-
rameters identified thanks to simulations of quasi-static
tests. Figures 1 and 2 demonstrate the model’s ability
to replicate the experimental behavior of concrete un-
der high confining pressure (up to 650 MPa) in both
dry and very wet states.

Table 1 Model parameters calibration values (see [5] for de-
tails)

Parameters Physical meaning Values
E (GPa) Young modulus 30
v Poisson ratio 0.2
€0 Limit elastic stain in tension le—%
€f Limit failure strain 20€0
¢c (radians)  Contact friction angle 0.8
Co (MPa) Shear cohesion 4
kp Strain hardening modulus 2
kn Consolidated material parameter 1
€el Limit elastic strain in compression 20€e9
€pl Maximum compaction strain 200¢q
A100 Saturated sliding threshold coefficient 1
Ao Dry sliding threshold coeflicient 5
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Fig. 1 Stress-strain curves: simulation vs. experimental re-
sults [37]. a hydrostatic, b oedometric under dry and wet
states [5]

2.2 Strain rate and saturation ratio effects

To accurately model the dynamic response of concrete
structures under impact, the model must account for
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Fig. 2 Stress-strain curves: simulation vs. experimental re-
sults [37]. Deviatoric phase of triaxial test under a dry, b wet
states [5]

the strain rate effects in the concrete behavior. Re-
sults of tests performed with Split-Hopkinson pressure
bars have shown that both the apparent tensile and
compression strength increase as the strain rate (€) in-
creases [35], [13]. However, this increase remains more
pronounced in tension: the resistance of concrete is 5 to
7 times greater for dynamic test than for quasi-static
test [28]. In compression, the resistance of concrete is
at maximum 2 times greater for dynamic tests than
for quasi-static tests [7]. In other words, the ratio of
dynamic strength over static strength (called dynamic
increase factor DIF) appears to be much more higher
in tension than in compression. It is generally accepted
that the increase of apparent compression strength with
strain rate is due to inertial effects, as reported by [10],
[11]. Hentz [21] showed numerically that the strength
increase in dynamic compression is a structural effect.
Therefore, only the strain rate effect in tension is taken
into account in this study. This is achieved by modify-

ing the tensile resistance between DEs using equation
1 inspired from CEB (Euro-International Committee of
Concrete [8] formulation: where f; is the dynamic ten-
sile strength, f: stqtic is the static tensile strength and
€static 18 the reference static strain rate set equal to
1065~ 1.

The effect of saturation ratio on the concrete tensile
strength at high strain rate was also studied by [34]
and [17]. They showed that concrete resistance is more
sensitive for wet samples at high strain rate than for
dry samples. Therefore, numerical simulations of im-
pact test on dried and saturated concrete are performed
to investigate the saturation ratio effect at the struc-
tural scale. Table 2 describes the values of the recom-
mended parameter values that were calibrated for both
dry and saturated concrete. Figure 3 shows the iden-
tified and experimental DIF values as function of the
strain rate, with both dry and saturated concrete max-
imum values set equal to 5.

if € S éstatic
if éstatic S € S 1
if1<¢

DIF: ft _ étét. )aél
ft,static 6(651_2)( £ )52

€static

A~ =

(1)

Table 2 Model parameters calibration for saturated and dry
concrete conditions

Parameters o1 01 02
Saturated 1.5 1/30 1/3
Dry 0.75 1/30 0.1

3 Penetration test setup and experimental
results

A campaign of experimental tests was conducted by
CEA-Gramat in 2009. A 2.4kg, 52mm in diameter and
300mm in length ogive nosed steel penetrator (Fig.
4(a)) was launched on cylindrical ( = 800mm) R30A7
unreinforced concrete targets using the gas launcher
DEIMOS (Fig. 4(b)). This launcher allows tests to be
performed at different striking velocities (ranging from
225 t0 425m/s). An accelerometer was embedded within
the projectile to measure the axial deceleration (Fig.
4(b)), and a high-speed video camera was used to ob-
serve the interaction between the projectile and the
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Fig. 3 New proposed model’s DIF values as a function of
strain rate for dry and saturated R30A7 concrete compared
to experimental results and other models [29]

concrete target. Once the test was performed, a topo-
graphic laser system was used to measure the dimen-
sions of the crater and tunnel regions. The concrete tar-
gets were confined with 15 mm steel ring and held in
water until the tests were performed; thus, the targets
were fully saturated [4]. Figures 4(c) and 4(d) illustrate
the damage of the two faces of the target after the per-
foration and penetration test, respectively. The main
parameters of each impact test are gathered in Table
3. Figure 5(a) shows the velocity profile for test 1 only.
Figure 5(b) depicts the penetration depth profiles of the
three tests: test1 perforated the concrete target (PD >
H300mm), while tests 2 and 3 only penetrated the con-
crete targets (PD < H800mm).

Table 3 Tests parameters: experimental data

Parameters Test 1 Test 2 Test 3
Height H (mm) 300 800 800
Initial Velocity V; (m/s) 333 347 227
Residual Velocity V. (m/s) 93 - -
Penetration Depth PD (mm) >300 268 193
Front face crater diameter

FD (mm) 400 700 400

4 Simulation setup

The projectile is represented by a single (DE) clumped
inside a non-deformable shell of facets that represent

Fig. 4 Experimental tests: a ogive nosed steel penetrator, b
gas launcher, ¢ perforation concrete target (H300m), d pen-
etration concrete target (H800mm) [6]

its contour. The density of this single DE is calculated
to be representative of the actual mass of the projec-
tile. This hypothesis allows reducing the number of DEs
in the simulation. Figure 6 shows the designed projec-
tile, which is considered to behave as a rigid body. A
frictional interaction law is used to model the concrete
target-projectile interaction. Calculations showed that
the friction angle has a slight influence on the projec-
tile’s behavior. However, as the real friction angle be-
tween the projectile and the concrete target cannot be
determined experimentally, it was set to be equal to
zero, providing acceptable results. Two cylindrical spec-
imens, both with a diameter of 800mm, but different
heights, were generated to represent the concrete tar-
get for tests 1, 2, and 3. One specimen was 300mm in
height and made up of 140,000 spheres, while the other
was 800mm in height and made up of 385,000 spheres as
shown in Figures 7(a) and 7(b) respectively. A layer of
(DEs) was added to the lateral face of each specimen to
represent the confinement steel jacket. The DEs in this
layer were blocked in translation and rotation. The in-
teractions between DE were not orientated in any priv-
ileged directions, and the isotropy of orientations can
be checked by plotting the cumulative orientation dis-
tribution of interactions (Figures 7(a) and 7(b)). The
numerical compacity of the medium is around 0.6 and
the interaction radius I, is set equal to 1.5 so that an
average of 12 interactions per element is obtained. to
ensure the isotropy of interactions orientations [2].
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Fig. 5 Penetration tests result: a Velocity vs time, b Pene-
tration depth vs time [32]

Fig. 6 Projectile design: 3D modeling in YADE

5 Simulation results (case of saturated sample)

The three tests described in (sec. 3) were simulated us-
ing the numerical samples under saturated condition
(see Table 2). The projectile velocity and penetration
depth in each simulation were computed and compared
to the available experimental data, as presented in Ta-
ble 4).

In the perforation test 1 (V; = 333m/s on H300mm
target) a good correspondence can be observed between
simulation and experimental results in terms of velocity
and penetration depth profiles (Figs. 8(a), 8(b)). Never-
theless, a delay of 0.16ms is recorded between the sim-
ulation and experimental results once the perforation

Mumber of interaction histogram, average 12.195

| |
N | |
s ' C . 8 %

Mumber of interactions
Plan XZ
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g

Plan YZ

(a)

|
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=

Fig. 7 Concrete target model in YADE: histogram of inter-
action number for each DE, and initial distribution of inter-
action links’ orientation in the numerical sample a H300mm,
b H800mm

Table 4 Comparison between experimental and simulation
results at T = 1.4ms

Mumber of interactions histogram, average 12.0477

Parameters Test 1 Test 2 Test 3
Sim./ Exp. Sim./ Exp. Sim./ Exp.

Height H(mm) 300 800 800

Vi (m/s) 333 347 227

Vi (m/s) 93/94 - -

PD (mm)@l.4ms > 300 253/268 198/193

FD (mm) 400/400 700/700 400/400

occurred. Post-processing shows that during the first
0.3ms, corresponding to the penetration phase, dam-
age develops in vicinity of the projectile nose and only
on the front face of the concrete target. Starting from
0,5ms conical fracturing appears on the front face near
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the projectile, and damage appears on the rear face of
the target (Fig. 9). The topology of the numerical sam-
ple after perforation is shown in Fig. 10(a). The blue
area indicates that the links between DEs in this part
of the specimen are damaged either completely or par-
tially, forming small chunks that are detached from the
target. A good agreement between numerical and ex-
perimental results is observed in terms of penetration
depth and both front/back face crater dimensions (Fig.
10(b)).
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Fig. 8 Test 1 comparison between experimental and simula-
tion results for saturated concrete a, velocity b penetration
depth profiles

Fig. 9 Test 1 damage in the H300 mm concrete target left
at 0.3ms right at 0.5ms

g
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Fig. 10 Test 1 topology of the target after impact a 3D
numerical view, b experimental view

In both penetration tests 2 and 3 (V; = 347m/s
and 227m/s respectively on H800mm target), the sim-
ulation results closely matched the experimental results
in terms of penetration depth profiles (Fig. 11). For test
2, the difference between the final numerical depth and
the experimental depth is only 15mm at 1.4ms. Note
that the projectile stopped at 2.4ms in the simulation.
Test 3 exhibited almost perfect replication of the ex-
perimental penetration depth in the numerical simu-
lation, with only a 5mm difference between the two
curves at 1.4ms (see Table 4). Figures 12(a) and 12(b)
show the topology of the numerical sample after pen-
etration compared to the experimental one for test 2.
The blue area indicates that the links between DEs are
damaged, the fracture remains localized inside the tar-
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get. No cratering is noted on the rear face, where ap-
proximately 33% of the concrete target height has been
penetrated.
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Fig. 11 Tests 2 and 3 comparison between experimental and
simulation results for saturated concrete: penetration depth
profiles
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Fig. 12 Test 2 topology of the target after impact a 3D
numerical view, b experimental view

6 Saturation ratio effect

In order to investigate the effect of free water content on
the penetration of rigid projectile in concrete targets,
tests 1, 2 and 3 described earlier were also replicated
on dry R30A7 concrete. As stated in sec.2.2, the pa-
rameters identified on dry sample were applied on the
concrete target (see Table 2 and Figure 3 for reference).

For the perforation test 1 (V; = 333m/s on H300mm
target): the velocity and penetration depth profiles for
saturated and dry conditions are compared in Fig. 13.
Even though the sample is completely perforated, this
figure gives us an indication of the projectile position at
a given time. We can observe from the velocity profile
that during the first phase (T < 0.5ms), and unlike the
KST-DFH model [17], both saturated and dry concrete
behave similarly. This phase is followed by a slightly
greater deceleration in dry concrete, leading to a lower
residual velocity of the projectile (Fig. 13(a)). This also
can be observed from the penetration depth, as the pro-
jectile in the saturated sample penetrates deeper than
the projectile in the dry sample at a given time (Fig.
13(b)).

Post-processing results in terms of local shear stress
at 0.5ms for both dry and saturated concrete are shown
in Fig. 14. The results suggest that the dry concrete
exhibits more intense damage patterns and higher shear
stress levels compared to the saturated concrete. This is
likely due to the fact that dry concrete has lower tensile
strength, which means it is more prone to cracking and
fracturing under stress. As a consequence, this model
predicts that the perforation of a thin concrete slab is
barely affected by the saturation ratio of the material.

For the penetration tests 2 and 3 (V; = 347m/s
and 227m/s respectively on H800mm target): the mea-
sured and predicted penetration depths as a function of
projectile striking velocity are compared under dry and
saturated target conditions (Fig. 15). The prediction
shows a trend of slightly underestimating the penetra-
tion depth as the striking velocity increases. We can
observe that the penetration depth obtained in the test
with V; = 347m/s is greater than that of V; = 227m/s.
Therefore, the influence of initial velocity of projectile
on the penetration depth of projectile has been satisfac-
torily captured by the numerical simulations: penetra-
tion depth increases with the initial velocity of projec-
tile. Additionally, it has been shown that the projectile
penetration processes depend significantly on the free
water content of the concrete structure. As the water
content decreases, the penetration of projectile into the
concrete structures becomes more difficult because dry
concrete possesses a greater failure stress and more sig-
nificant pore closing, thus it becomes very challenging
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Fig. 13 Test 1 simulation results for saturated and dry target
conditions a velocity, b penetration depth profiles

for the projectile to penetrate into the dry concrete tar-
get (Fig. 16). The final penetration depth in tests 2 and
3 for dry concrete is 0.235mm and 0.2mm respectively.

7 Conclusion

The DE model presented in this paper focuses on mod-
eling the behavior of concrete under dynamic loading
at the structural scale. In order to reproduce the ef-
fect of strain rate on concrete failure mechanism, the
local interaction law validated in a previous study [5]
was extended by introducing the dimensionless dynamic
load increase factor (DIF) as a function of strain rate.
This effect is more pronounced in dynamic strength un-
der tension than under compression. To validate the
model, three simulation tests were performed on satu-
rated concrete targets and compared with experimental
results. It was shown that the general trend of pro-
jectile penetration was correctly reproduced, and that
the proposed model is capable of providing a reason-

Fig. 14 Test 1 local shear stress magnitude at 0.5ms for a
saturated, b dry target conditions
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Fig. 15 Tests 2 and 3 measured versus predicted depth of
penetration as a function of striking impact velocity for sat-
urated and dry target conditions at 1.4ms

able prediction of the mechanical behavior of saturated
concrete subjected to projectile penetration. The study
also investigated the effect of saturation ratio on the be-
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Fig. 16 Tests 2 and 3 simulation results for saturated and
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havior of concrete structures under impact in a purely
predictive way. While the model proposed in the first
paper [5] considers the effect of saturation ratio, it does
not account for its relationship with the strain rate ef-
fect. Therefore, a calibration of the DIF parameters
for both dry and saturated concrete was conducted.
The results indicate that dry concrete exhibits higher
penetration resistance compared to saturated concrete,
where shear stresses dominant over compression and
tension stresses. In other words, the reduction of free
water content in concrete enhances the influence of the
projectile’s initial velocity (V;) on its penetration be-
havior. The obtained numerical results provide a first
estimation of the influence of water content on the pene-
tration performance of concrete targets. In conclusion,
this work aimed to address the need for a predictive
model capable of determining the depth of penetration
of a projectile into concrete. Such a model would enable
accurate prediction of penetration depth, which is cru-
cial for a variety of defensive and non-defensive appli-
cations. As a perspective, it is important to study the
penetrability of various geomaterials, including differ-
ent kinds of rocks or different types of concrete, and to
have a predictive model that only requires conventional
laboratory test data for material characterization.
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