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� The dynamic response of UHPFRC is modelled by HJC constitutive model in LS-DYNA.
� The numerical simulation results coincide very well with the experimental results.
� The layer interface affects the pressure distribution in the triple-layered UHPFRC.
� The DOP decreases with the target thickness; and critical thickness is derived.
� The he increases with the bullet velocity, and layered structure shows the reduced he.
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a b s t r a c t

The impact resistance of coarse-aggregated layered Ultra-High Performance Fiber Reinforced Concrete
(UHPFRC) is investigated numerically with LS-DYNA. The Holmquist Johnson Concrete (HJC) model is
employed to describe the dynamic behavior of the UHPFRC, and the effect of the coarse aggregates is
reflected in the pressure-compaction relation. Mechanical tests are conducted to obtain the material-
related inputs for the numerical model, and ballistic experiments are applied to calibrate the model
parameter as well as to validate the simulation results. After valuation, the ballistic histories of the pro-
jectile and the penetration processes in the UHPFRC targets are analyzed. Furthermore, the study dis-
cusses the effects of the target thickness on the depth of penetration, showing the possibility to
replace a thicker single-layered target by a thinner triple-layered one to achieve the same level of protec-
tion. Finally, perforation limits of the single- and tripled-layered UHPFRC at different impact velocities are
estimated, based on which the ACE formulae are modified to accurately predict the perforation limit of
the coarse-aggregated layered UHPFRC. The numerical simulations in this study reveal that the triple-
layered target requires fewer dosages of cement and steel fibers in comparison to its single-layered coun-
terpart with the same level of ballistic protection.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The increasing risks of terrorist attacks in the current world
clearly show the necessity of improving the impact resistance of
important buildings and infrastructures. The advanced mechanical
properties [1–3] make Ultra-High Performance Fiber Reinforced
Concrete (UHPFRC) a promising candidate for these infrastructures.
The superior resistance of UHPFRC has been revealed in literature.
For instance, the impact responses of UHPFRC against deformable
and non-deformable projectiles were evaluated by Máca et al.
[4]; the significantly improved resistance of UHPFRC was con-
firmed in their study and an optimal fiber volume fraction of 2%
was obtained. Liu et al. [5] analyzed experimentally and numeri-
cally the ballistic resistance of UHPFRC, the results of which pre-
sented that UHPFRC has advantages regarding the depth of
penetration (DOP), crater diameter and volume loss. Yu et al. [6]
investigated the ballistic performances of UHPFRC against
7.62 mm projectile at 830 m/s, and claimed that the UHPFRC con-
taining hybrid fibers is more efficient than that with only the
hooked-end fiber.

Generally, conventional UHPFRC, e.g. those mentioned above,
only utilizes fine particles [7,8]. On the one hand, using only fine
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Table 1
Recipes of the UHPFRC (kg/m3).

Identification U8a U8a1s U16a1s

Portland Cement CEM I 52.5R 588.0 588.0 525.0
Limestone powder 156.8 156.8 140.0
Micro-silica 39.2 39.2 35.0
Sand 839.9 839.9 699.3
Basalt aggregate (size 2–5 mm) 413.2 413.2 445.2
Basalt aggregate (size 5–8 mm) 232.3 232.3 186.9
Basalt aggregate (size 8–11 mm) 0 0 147.8
Basalt aggregate (size 8–16 mm) 0 0 209.6
Water 149.0 157.0 161.0
Superplasticizer 9.4 8.5 4.5
Straight steel fiber (%) 0 1.0 1.0
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aggregates in UHPFRC can promote its strength enhancement, thus
benefiting the reduction of DOP [9]. On the other hand, the advan-
tages of coarse aggregates on enhancing its impact resistance, e.g.
eroding the projectile and deviating the ballistic trajectory, are
consequently sacrificed [10,11]. Only a few studies are available
concerning the penetration resistance of coarse-aggregated
UHPFRC, and positive results are obtained in these studies, show-
ing that the coarse aggregates are beneficial to reduce both the
DOP and the area of damage [12–14]. Nevertheless, the compres-
sive strength rc,s of these coarse-aggregated UHPFRC are relatively
low, e.g. the 28-day rc,s of the UHPFRC with coarse basalt aggre-
gates are around 106 MPa [12] and 119 MPa [14], and the 160-
day rc,s in [13] is about 128 MPa. That being the case, the
coarse-aggregated UHPFRC in these studies actually fail to meet
the strength requirement of UHPFRC, i.e. having a compressive
strength of at least 150 MPa at 28 days [15].

In addition to taking the advantages of coarse aggregates,
another innovative approach to improve the impact resistance of
UHPFRC may be applying the concept of layered-structure. Our
previous study concerning static bending of UHPFRC [16] exhibited
that the double-layered UHPFRC has an enhanced energy absorp-
tion capacity over its single-layered counterpart. It was revealed
that the layer interface in the double-layered UHPFRC facilitated
the initiation of multiple micro-cracks, promoting the energy dissi-
pation of the specimen [16]. With regard to the ballistic impact,
Quek et al. [17] claimed that the four-layered concrete target (rc,s-
� 110 MPa) developed in their study achieved a superior ballistic
resistance, and that the layer delamination benefited the consump-
tion of the projectile’s kinetic energy. Nonetheless, the subject of
their study is high-strength concrete instead of UHPFRC, and the
effects of the layer interface on the penetration process are not
addressed.

The above findings inspired us to design coarse-aggregated lay-
ered UHPFRC to achieve an excellent ballistic resistance. Under-
standing the dynamic performances of this coarse-aggregated
layered UHPFRC is therefore a significant issue. Ballistic experi-
ments can provide direct results; however, the expensive test facil-
ities and the time-consuming test process put limits on conducting
massive experiments in this field [18,19]. Empirical and theoretical
formulae [20] can predict some important ballistic responses, e.g.
the DOP, perforation limit and residual velocity; nevertheless,
these formulae cannot reproduce the dynamic stress and damage
distributions in the impacted concrete. On the other hand, with
the advancement of computer technology, numerical simulations
of concrete against ballistic impacts become feasible. A number
of commercial software, such as LS-DYNA, ABAQUS and AUTODYN,
can be utilized to model the response of concrete subjected to bal-
listic impacts, providing valuable information on the real-time
interaction between the projectile and the concrete.

Modelling the dynamic response of UHPFRC under penetration
is challenging [19]. As a result of the rate effect, the behavior of
UHPFRC subjected to dynamic loads is more complicated in com-
parison to that under static load [1]. Moreover, UHPFRC is practi-
cally idealized as a homogeneous material in macroscale
simulations. However, concrete is actually inhomogeneous and
has multiple phases (e.g. matrix, aggregates and steel fibers),
which makes modelling the constitutive relation of the ‘‘homoge-
nized” UHPFRC rather difficult [21]. As a consequence, choosing
the appropriate material models and determining the suitable
parameters to reflect the influences of important UHPFRC compo-
nents, e.g. the coarse aggregate, under dynamic loads are of great
significance for the success of these macroscale simulations. Peng
et al. [22] modelled the ballistic behaviors of concrete target at
both macroscale and mesoscale (with coarse aggregates explicitly
presented). Comparing the relative DOP in their simulations exhi-
bits that the macroscale model can give results close to that from
the mesoscale model as long as appropriate material models were
applied, especially for the cases where the ratio between the aggre-
gate size and the projectile diameter is smaller than 2. This con-
firms the possibility of applying homogenous models to simulate
the ballistic performance of concrete at macroscale.

As with UHPFRC, several studies have been conducted to simu-
late its ballistic response at macroscale. For example, Liu et al. [19]
applied the K&C model in LS-DYNA to investigate the effects of
UHPFRC compressive strength, projectile velocity and nose shape
on the DOP and the cratering damage size. Yu [23] used the HJC
model to describe the ballistic response of UHPFRC by LS-DYNA,
and it was claimed that the obtained numerical simulations agreed
well with the experimental results. Sovják et al. [24] numerically
evaluated the resistance of slim UHPFRC panels with the RHT
model in AUTODYN, and the effect of fibers was incorporated in
the model by increasing its fracture energy. It is noteworthy that
the above numerical studies only focus on conventional UHPFRC
with a single-layer and fine particles, i.e. the influences of the lay-
ered structure and the coarse aggregates are not addressed.

This study investigates numerically the ballistic performances
of coarse-aggregated layered UHPFRC at macroscale. LS-DYNA is
employed to execute the simulations, and the effect of the coarse
aggregates is reflected by the crushing pressure in the HJC model.
After validating the model against experiments, the dynamic pen-
etration processes inside the coarse-aggregated layered UHPFRC
are analyzed. Moreover, influences of the target thickness on the
DOP are discussed, and the perforation limits of the single- and
tripled-layered UHPFRC at different penetration velocities are eval-
uated. The study confirms the advantages of the coarse-aggregated
layered UHPFRC and advances the understanding of its ballistic
performances.

2. Mechanical and ballistic experiments

Mechanical and ballistic experiments of the coarse-aggregated
layered UHPFRC are conducted to provide inputs for the numerical
model, as well as to validate the simulations.

2.1. Materials and mix design

The recipes of the coarse-aggregated UHPFRC are given in
Table 1, including Portland Cement I 52.5R (HeidelbergCement
Benelux), limestone powder (CB2M), micro-silica (Elkem Grade
920E D), sand (DIN EN 196-1), basalt aggregates of four size groups,
water, and a PCE based superplasticizer (solid content of 35%). The
straight steel fiber (Dramix OL 13/0.20) is used, which has a length
of 13 mm and diameter of 0.2 mm. The density of the fiber is
around 7850 kg/m3.

The fractions of the basalt aggregates are calculated by the
Brouwers mix design method [25–27] to achieve an optimal pack-
ing density of the mixture:
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where q is the distribution modulus, and the value of 0.22 is applied
for UHPFRC [23]. D is the particle size; Dmin and Dmax are the min-
imum and maximum values, respectively. Pm(D) is the cumulative
fraction of the total solid with a size smaller than D, and Pt (D) pre-
sents the targeted cumulative fraction.

An optimization algorithm is applied to achieve an optimal fit
between Pm (D) and Pt (D), i.e. a maximum R2 (the quality of fit
between the designed and the target distributions). Examples of
the particle size distribution curves of the designed coarse-
aggregated UHPFRC mixture are shown in Fig. 1 [28]. More infor-
mation about the detailed properties of the applied ingredients
can be found in [28,29].

2.2. UHPFRC targets

The coarse-aggregated UHPFRC with single and triple layers
were tested, as shown in Table 2. The thickness of the UHPFRC tar-
get is 90 mm and the diameter is about 275 mm. U in the identifi-
cations represents UHPFRC. The identification of the third is
divided by dashes, showing that it is a layered target. The layer
thickness is given in the brackets (in mm). The numbers before a
and s are the maximum aggregate size (in mm) and the fiber vol-
ume fraction, respectively. For instance, U16a1s(30)-8a1s(30)-
16a1s(30) is a triple-layered UHPFRC target with an equal layer
Fig. 1. Particle size distr

Table 2
Single- and triple-layered UHPFRC.

Identification Layer thickness Ma

mm mm

1st layer 2nd layer 3rd layer 1st

U8a1s(90) 90 – – 8
U16a1s(90) 90 – – 16
U16a1s(30)-8a1s(30)-16a1s(30) 30 30 30 16
thickness of 30 mm; the maximum aggregate sizes of the three lay-
ers are 16 mm, 8 mm and 16 mm, respectively; and 1% (volume
fraction) of the steel fibers are incorporated in each of the three
layers (see Table 2). As can be noticed, the larger aggregates are
arranged in the two outer layers of the triple-layered UHPFRC tar-
get. This aggregate size arrangement is determined based on: (1)
the more severe damage of the front and rear surfaces of the target
compared to its middle region [23,30], and (2) the contribution of
the larger aggregates to decreasing the damage size [12–14]. A
reverse order of the layers, e.g. U8a1s(30)-16a1s(30)-8a1s(30), is
expected to result in an inferior impact resistance due to the less
efficient effect of the 8 mm aggregates on reducing the damage
of the two outer surfaces.
2.3. Sample preparation and testing

The mixing of the UHPFRCmixture was conducted at room tem-
perature, and the procedure is illustrated in Fig. 2.

Cylindrical moulds were utilized to cast the UHPFRC targets. For
the triple-layered UHPFRC, the layers were cast subsequently after
a short time interval of 45 min [16]. The UHPFRC samples were
demolded 24 h after casting and they were cured in water at room
temperature of 20 ± 1 ℃. The ballistic tests were conducted at
56 days with in-service 7.62 mm � 51 AP projectile. The impact
velocity V0 was around 840 m/s. The test setup is shown in
Fig. 3. A specially designed fixing frame was used to hold the cylin-
drical UHPFRC target, and a white board was put behind the frame
to check the trace of the projectile in the case of ballistic perfora-
tion. The targets were cut to measure the DOP after the ballistic
tests [31].

Additionally, 100 mm UHPFRC cubes were prepared to test the
compressive, splitting tensile and bond strengths of the designed
ibution curves [28].

ximum aggregate size Fibre volume fraction

%

layer 2nd layer 3rd layer 1st layer 2nd layer 3rd layer

– – 1 – –
– – 1 – –
8 16 1 1 1
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Fig. 2. Illustration of mixing procedure.
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Fig. 3. Fixing frame in the ballistic test.
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Fig. 4. Interfacial cracking in U16a1s(30)-8a1s(30)-16a1s(30).
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UHPFRC at 56 days. A universal testing machine (DIGIMAXX C-20,
maximum load capacity of 4000 kN) was utilized for the mechan-
ical experiments. The compressive and splitting tensile strengths of
the UHPFRC were tested according to EN 12390-3 [32] and EN
12390-6 [33], respectively. The interface bond strength was tested
applying the splitting method [34].

2.4. Experimental results

2.4.1. Compressive, tensile and bonding strengths
Thanks to the optimized mix design, the coarse-aggregated

UHPFRC developed in this study shows satisfying mechanical prop-
erties, complying with the strength requirements of UHPFRC. The
compressive strengths of U8a, U8a1s and U16a1s mixtures are
around 150 MPa, 158 MPa and 161 MPa; while the corresponding
splitting tensile strengths are 7.2 MPa, 12.3 MPa and 14.6 MPa,
respectively. The bond strength between the U8a1s and U16a1s
layers is about 7.0 MPa.

2.4.2. Penetration test results
The DOP and the crater size Deq of the single- and triple-layered

UHPFRC targets are given in Table 3. Deq was calculated as
Deq ¼

ffiffiffiffiffiffiffiffiffiffiffi
D1D2

p
, where D1 and D2 are the crater size measured at

two perpendicular directions. With regard to the single-layered
UHPFRC, increasing the maximum aggregate size from 8 mm to
16 mm increases the ballistic resistance. This enhanced resistance
is because that the higher strength and hardness of the coarse
aggregates contribute to consuming more kinematic energy of
the projectile, which reduces its penetration velocity [10,12,22].
Moreover, comparing U16a1s(30)-8a1s(30)-16a1s(30) and U8a1s
Table 3
Penetration test results of designed UHPFRC.

Identification V0 (m/s) DOP (mm) Deq (mm)

U8a1s(90) 841.9 60.0 70.0
U16a1s(90) 840.7 55.0 63.0
U16a1s(30)-8a1s(30)-16a1s(30) 839.3 52.5 67.9
(90) in Table 3 presents that applying a layered structure can fur-
ther reduce the DOP. As expected, discontinuous cracks are
observed along the layer interface, as shown in Fig. 4. This interfa-
cial cracking can further facilitate the energy dissipation of the pro-
jectile [17], leading to the reduced DOP in the triple-layered target.
3. Numerical modelling

3.1. Overview of the model

Three dimensional models of the UHPFRC targets and the pro-
jectile are built in LS-DYNA, as shown in Fig. 5. In order to improve
the computational efficiency, only one quarter of the test arrange-
ment is modelled. Symmetric boundary conditions are imposed on
models and fixed boundary conditions are imposed on the back
edge of the targets. The penetration process is simulated based
on the explicit time integration. To achieve the stability of the solu-
tion, a scale factor of 0.67 for the computed time step is applied
[36].

3D solid 164 element is used in the simulation. As shown in
Fig. 5, the target is divided into 45 indices in the direction of pen-
etration and 30 indices along its radius direction. The length of the
element gradually increases along the target radius, and it is finer
in the region where the projectile contacts the concrete. The min-
imum element sizes of the target and the projectile are compara-
ble, i.e. about 1.2 mm and 1 mm, respectively. The results of
mesh convergence study are presented in Fig. 6, in which the min-
imum mesh size of the target changes from 1.2 to 2.0 mm. The fig-
ure shows that 1.2 mm is sufficiently fine and the mesh is therefore
adopted in the simulations. For the triple-layered target U16a1s
(30)-8a1s(30)-16a1s(30), a thin layer of interfacial elements (with
a thickness of 0.5 mm) is added in between the U16a1s layers and
the U8a1s layer, and the interface elements have shared nodes
with the elements of the U8a1s and U16a1s layers. In other words,
there is no direct contact between the U8a1s and U16a1s layers,
and their connection is considered by the thin interfacial layer
fixed to the target layers.
3.2. Material models

3.2.1. Projectile
The penetration velocities in the experiments are around

840 m/s, which fall within the range of non-deformable (rigid)
penetration (V0 � 1000 m/s) [19]. Furthermore, the hard core of



Table 4
Rigid model inputs for the projectile.

Parameters Projectile

Density q (kg/m3) 7850
Young’s modulus E (GPa) 206
Poisson’s ratio 0.3

Fig. 5. Models of the penetration test. (See above-mentioned references for further information.)

Fig. 6. Mesh convergence study.
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the projectile after the ballistic test is compared to that before the
test. Despite the slight scratches on the surface, the main body of
the hard core after the ballistic test has very limited deformation
thanks to the stiff material of the hard core and its small size.
Therefore, the deformation of the projectile is neglected in this
simulation, and it is modeled as a rigid body using the material
model *MAT_RIGID (MAT_020) in LS-DYNA. The input parameters
for the projectile are listed in Table 4. The contact between the pro-
jectile and UHPFRC is modelled with ‘‘CONTACT_ERODING_SUR
FACE_TO_SURFACE”.

3.2.2. UHPFRC target
The HJC constitutive model *MAT_JOHNSON_HOLMQUIST_CON

CRETE (MAT_111) is adopted for the UHPFRC and the layer inter-
face. This model is suitable to describe the response of cementi-
tious materials subjected to high strain rates, large deformations,
and high hydrostatic pressures [37,38], and it has been widely
employed to model the ballistic performance of concrete [22,23].

In the HJC model, the yield surface is [37]:

r� ¼ Ac 1� Dcð Þ þ BcP
�Nc

h i
1� Ccln _e�ð Þ ð3Þ

where r* is the normalized equivalent stress, P* is the normalized
pressure. _e� ¼ _e= _e0 is the dimensionless strain rate ( _e and
_e0 = 1.0 s�1 are the actual and reference stain rates, respectively).
Ac, Bc, Cc and Nc are input parameters.

The damage D is accumulated as a function of the equivalent
plastic strain ep, plastic volumetric strain lp, and the total plastic
strain until fracture epf + lp

f [39]:

D ¼
XDep þ Dlp

epf þ lp
f

ð4Þ
epf þ lp
f ¼ D1 P� þ T�ð ÞD2 P EFMIN ð5Þ

where D1 and D2 are the damage parameters. T* = T/rc,s is the nor-
malized maximum tensile hydrostatic pressure and T is the maxi-
mum tensile pressure. EFMIN is the amount of plastic strain
before fracture [38,39].

The pressure-compaction relation of the material can be sepa-
rated into three phases:
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� The first phase is linear elastic [39]:

P ¼ Pcrush

lcrush
lv ð6Þ

where lv is the volumetric strain, Pcrush and lcrush are the crushing
pressure and the corresponding volumetric strain.

� The second phase corresponds to the transitional region [39]:

P ¼ Pcrush þ Plock � Pcrush

llock � lcrush
lv � lcrush

� � ð7Þ

where Plock and llock are the compaction limit and the locking vol-
umetric strain, respectively.

� The third phase describes the response of the fully densified
material [39]:

P ¼ K1 l
� þK2l

�2 þ K3l
�3 ð8Þ

l
� ¼ lv � llock

1þ llock
ð9Þ

where K1, K2 and K3 are material parameters, l
�
is the modified vol-

umetric strain.
The input parameters for the HJC model are listed in Table 5.

The density q, uniaxial compressive strength fc and the maximum
tensile pressure T of the U8a1s and U16a1s mixtures are obtained
from the experimental results in Section 2. The density and com-
pressive strength of the plain UHPC U8a are used for the layer
interfacial element. The tensile strength of the interface is assumed
to be equal to the bond strength between the U8a1s and U16a1s
layers, as measured by experiments in Section 2. The input shear
modulus in Table 5 is determined by G = E/2(1 + v) with E the
Young’s modulus and v the Poisson’s ratio.

The strength parameters Ac, Bc, Nc, SFMAX can be determined by
triaxial compressive tests [39]. The test data in the literature [40–
43] concerning concrete from 92 MPa to 171 MPa is given in Fig. 7,
in which the normalized equivalent stress is r* = (r1 – r3)/fc and
the normalized pressure is P* = (r1 + 2r3)/3fc [39] (r1 and r3 are
the major and minor principal stresses, respectively). As presented
in the figure, the different concrete strength does not cause signif-
Table 5
HJC model inputs in LS-DYNA for the simulated UHPFRCs.

Parameters UHPFRC Layer
interface

U8a1s U16a1s

Density q (kg/m3) 2540 2550 2540
Shear modulus G (GPa) 22.5 24.5 25.0
Normalized cohesive strength Ac 0.79 0.79 0.79
Normalized pressure hardening Bc 1.6 1.6 1.6
Strain rate coefficient Cc 0.007 0.007 0.007
Pressure hardening exponent Nc 0.61 0.61 0.61
Uniaxial compressive strength fc (MPa) 154.9 161.3 149.6
Maximum tensile pressure T (MPa) 12.3 14.6 7.0
Reference stain rate EPS0 1.0 1.0 1.0
Plastic strain before fracture EFMIN 0.01 0.01 0.01
Normalized maximum strength SFMAX 7.0 7.0 7.0
Crushing pressure Pcrush (MPa) 51.6 134.4 49.9
Crushing volumetric strain lcrush 0.00172 0.00165 0.001497
Locking pressure Plock (GPa) 1.0 1.0 1.0
Locking volumetric strain llock 0.1 0.1 0.1
Damage constant D1 0.04 0.04 0.04
Damage constant D2 1.0 1.0 1.0
Pressure constant K1 (GPa) 85 85 850
Pressure constant K2 (GPa) �171 �171 �1710
Pressure constant K3 (GPa) 208 208 2080
icant deviations on the relation between r* and P*. Therefore, it is
assumed that the developed UHPFRC in this study also possesses a
similar trend as that shown in Fig. 7. At a static strain rate
_e = 1.0 s�1 and without considering the damage, Eq. (1) with
Ac = 0.79, Bc = 1.6, Nc = 0.61 and SFMAX = 7 is presented by the solid
curve in Fig. 7. These are the default values in the original HJC
model [39]. A fair agreement is observed between the experimen-
tal data [40–43] and Eq. (1) with the default parameters. That
being the case, these values are further used in the HJC model in
the present study (see Table 5). Similarly, the strain rate parameter
Cc, EPS0, and the damage parameters D1, D2, EFMIN also remain the
same as the default values in the original HJC model [39]. These
values are widely used for concrete with strengths from 12 MPa
to 200 MPa [22,39,44,45], and the strength of the UHPFRC devel-
oped in this study also falls within this range.

As regards to the equation of state (EOS) parameters, for the
layer interface and the U8a1s mixture, the crushing pressure Pcrush
and the corresponding volumetric strain lcrush are determined by
Pcrush = rc,s/3 and lcrush = Pcrush/K, in which the bulk modulus
K = E/3(1-2v) [39]. On the other side, for the U16a1s mixture, the
crushing limit and the stiffness of the material are manually
enhanced to represent the influences of the larger aggregates.
The contributions of the coarse aggregates on improving the ballis-
tic resistance of concrete can be mainly attributed to the following
reasons [46]: (1) The stronger coarse aggregates can act as barriers
to cracking, as the cracks are driven to cut through the aggregates
due to the high stress rate in the case of penetration. (2) The higher
hardness of the coarse aggregate increases the kinetic energy loss
of the projectile. (3) The direction of the projectile may be changed
after it hits the coarse aggregate, which further promotes the
energy consumption of the projectile. In the macroscale simulation
with symmetric boundary conditions applied to the projectile, the
trajectory of the projectile has no deviation, i.e. the direction of the
projectile always remains perpendicular to the impact surface of
the target. Although the third effect of the coarse aggregates, i.e.
due to material heterogeneousness, cannot be reflected in the
macroscale model, it is still possible to represent the first two
effects of the coarse aggregates, i.e. the improved strength and
the enhanced hardness provided by the coarse aggregates. These
two effects can be reflected in the macro model by increasing the
crushing limit and the stiffness of the material. As given in the
HJC model, Pcrush and lcrush are the thresholds beyond which the
voids in the concrete material are gradually compressed [39]. An
enhancing factor of 2.5 is applied to the Pcrush of U16a1s, which
is calibrated by the DOP of the U16a1s target from the ballistic
tests in Section 2 (see Fig. 8). Since the crushing volumetric strain
Fig. 7. Determination of strength parameters.



Fig. 8. Calibration of enhancing factor.
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lcrush is not changed in the simulation, this enhancing factor
improves both the crushing pressure and the stiffness, correspond-
ing to the improved strength and the enhanced hardness of
U16a1s.

Furthermore, the erosion algorithm *MAT_ADD_EROSION is
applied to remove the elements with large distortions during the
penetration process. The maximum principal strain emax of 0.5
and the failure volumetric strain evol of 0.01 are adopted as the ero-
sion criteria, i.e. the element will be removed if emax or evol reaches
the corresponding critical values. These erosion criteria of emax and
evol are determined by preliminary study to fit the experimental
DOP and Deq of U8a1s. And they are further used for the other tar-
gets, which also show good agreements. Additionally, it is note-
worthy that the steel fibers are mainly to increase the tensile
strength of the UHPFRC and to decrease the damage scale of the
target. Therefore, the influences of fiber addition can be reflected
in the model by the maximum tensile pressure T and the above
erosion criteria, viz. emax and evol (the crater size Deq is related with
these parameters).
4. Model validation and penetration analysis

4.1. Model validation

The DOP obtained by the numerical simulations and the exper-
iments are compared in Table 6 to validate the model. As shown in
the table, the simulation results coincide very well with the exper-
imental data, i.e. the deviations are less than 0.5% for both the
single- and triple-layered UHPFRC targets. Furthermore, the pene-
tration reductions caused by the 16 mm coarse aggregates and the
layered-structure are also successfully captured by the model,
showing the reliability of the HJC material model and the corre-
sponding inputs.

The effective strain distribution in the impact surface of the
UHPFRC is utilized to denote the crater damage, and the compar-
Table 6
Comparisons of DOP.

UHPFRC targets V0

(m/s)
DOP (mm) Error

(%)
Experiment Simulation

U8a1s (90) 841.9 60.0 60.2 0.3
U16a1s (90) 840.7 55.0 54.8 �0.4
U16a1s(30)-8a1s(30)-16a1s(30) 839.3 52.5 52.6 0.2
isons between the experimental and the numerical Deq are shown
in Fig. 9. In general, the numerical simulations are able to repro-
duce the major damage distribution in the targets, i.e. the differ-
ence between the numerical and experimental Deq is less than
5%. Additionally, the comparison between Fig. 9a and 9b indicates
that the reduced Deq in the UHPFRC containing larger aggregates, as
observed in the experiments, is also successfully shown in the sim-
ulations. As demonstrated in Fig. 9, Deq of U16a1s(90) and its
destruction level (represented by the color fringe) are more moder-
ate compared to those of U8a1s(90), which are in line with the
experimental results. In summary, considering both DOP and Deq,
fair agreements are achieved by the numerical model and it is
hence utilized for the further analysis.

4.2. Penetration analysis

4.2.1. Ballistic history
Fig. 10 shows the displacement and velocity histories of the

projectiles during the penetration process. The projectiles in
U8a1s(90), U16a1s(90) and U16a1s(30)-8a1s(30)-16a1s(30) have
comparable displacements at the early penetration stage (0–
40 ls after impact) because of their similar initial velocities around
840 m/s. However, with the development of the penetration pro-
cess, the effects of the three targets on the projectile become
increasingly obvious. Among the three targets, U16a1s(30)-
8a1s(30)-16a1s(30) most effectively reduces the projectile veloc-
ity, leading to the smallest projectile displacement in the target,
i.e. the simulated DOP. Moreover, the declining rate of the projec-
tile velocity is influenced by the layer interface in U16a1s(30)-
8a1s(30)-16a1s(30). Differing with the straight velocity curves of
the single-layered targets, the velocity curve of the triple-layered
UHPFRC starts to bend when the projectile reaches the layer inter-
face at around 42 ls after impact. This may be attributed to the fact
that the layer interface influences the wave propagation and reflec-
tion between the layers, affecting the force on the projectile and
therefore its velocity. As with the single-layered UHPFRC, the pro-
jectile in U16a1s(90) yields a smaller velocity compared to that in
U8a1s(90) at the same penetrating moment. The DOP in the
U16a1s(90) target is, consequently, smaller.

4.2.2. Penetration process
The penetration processes in the UHPFRC targets are presented

by the pressure development in Figs. 11 and 12. U16a1s(90) is
taken as examples of the single-layered UHPFRC target. Pressure
is invoked in the target at the moment the projectile reaches the
impacted surface. With the further penetrating of the projectile,
the pressure develops inwards and it is localized in a region sur-
rounding the head of the projectile (e.g. the pressure distribution
at 35 ls). The contact area between the concrete and the projectile
experiences the highest pressure, as shown by the red fringe level
in the figures. The pressure decreases gradually outwards in the
spherical region (presented by the green fringe level), and the
remote area in the target is not significantly influenced (indicated
by the dark blue fringe level in the figures). The elements near the
impacted surface are removed with the projectile penetrating
inwards the UHPFRC, forming the impact crater in the target. The
velocity of the projectile becomes very small after 100 ls and
the pressure distribution around the projectile remains almost
unchanged. The velocity of the projectile finally drops to zero at
approximately 135 ls.

Furthermore, the simulation of the triple-layered UHPFRC
shows that the pressure distribution is affected by the layer inter-
face when the stress wave reaches it, as can be observed by com-
paring the light blue fringe level in Fig. 11b and Fig. 12b.
Furthermore, when the projectile leaves the first layer and enters
the second one, e.g. at 63 ls (Fig. 12d), the pressure distribution



Fig. 9. Comparisons of Deq.
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varies. The distinct pressure distribution in the figure also explains
the bending velocity curve of the triple-layered UHPFRC target in
Fig. 10b. As exhibited in Fig. 12d, the influenced region is divided
into two spheres by the layer interface. This may be attributed to
the complicated propagation and reflection of the stress wave near
the interface, the distinct pressure bearing capacities of the inter-
face and the layer matrix, as well as the different confinement
levels of the two layers. Moreover, the existence of the layer inter-
face in the triple-layered UHPFRC dampen the strength of the
impact waves [47], which contributes to the smaller DOP and Deq

of the target. In addition, the affected area in the triple-layered tar-
get is larger than that in the singe-layered counterpart (see the
light blue area in Figs. 11 and 12), indicating a higher energy dissi-
pation in U16a1s(30)-8a1s(30)-16a1s(30). This, therefore, further
promotes the enhanced impact resistance of the triple-layered
UHPFRC.
5. Discussion

5.1. Influences of layer thickness on DOP

Using the validated models, the influences of the target thick-
ness on DOP are discussed. As suggested by the experimental
and the simulation results, DOP of U8a1s(90), U16a1s(90) and
U16a1s(30)-8a1s(30)-16a1s(30) are less than 60 mm, indicating
that the 90 mm targets are sufficient to resist the 7.62 mm projec-
tile at around 840 m/s. To achieve a more efficient utilization of the
targets, their thicknesses can be reduced. Fig. 13 demonstrates the
DOP of the targets with their thickness decreasing from 90 mm to
60 mm. U8a1s and U16a1s correspond to the series of the single-
layered UHPFRC targets containing the maximum aggregates of
8 mm and 16 mm, respectively (note that their thicknesses are
changing). U16a1s-8a1s-16a1s represents the series of the triple-



(a) Displacement history 

(b) Velocity history 

Fig. 10. Penetration history of the projectile.
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layered UHPFRC with an equal layer thickness, e.g. when the total
thickness of an U16a1s-8a1s-16a1s target is 60 mm, the individual
layer thickness is 20 mm. It is noteworthy that the penetration
depth in the U16a1s target with a thickness of 60 mm is around
60.2 mm. In other words, the tip of the projectile slightly crosses
the rear surface of the target, as shown in Fig. 14.

Fig. 13 illustrates that the DOP decreases with the increase of
the target thickness, nonetheless, the decrease becomes insignifi-
cant after the target thickness reaches a critical value. To be more
specific, an U8a1s target with a thickness of 60 mm is totally per-
forated by the projectile, hence no point corresponding to this case
is shown in Fig. 13. However, increasing its thickness from 60 mm
to 67.5 mm improves the ballistic resistance remarkably, i.e. the
projectile is stopped inside the 67.5 mm target with a DOP of
63.1 mm. The failure pattern of this target is shown in Fig. 15a,
in which a major crack appears on the rear surface of the target
because of the reflected tensile wave. Further increasing its thick-
ness to 75 mm results in a 2.6 mm reduction in DOP, whereas the
reduction becomes insignificant when the target thickness further
increases to 82.5 mm and 90 mm. Nevertheless, the rear surface
cracking is effectively prevented in these targets thanks to their
sufficient thicknesses (see the failure pattern of the 82.5 mm target
in Fig. 15b). Similar tendencies can be obtained in the U16a1s and
U16a1s-8a1s-16a1s targets. Moreover, the critical target thickness
differs for the three target series: it is around 75 mm for the U8a1s
series, while for U16a1s the value is around 67.5 mm; as with the
triple-layered target, the critical target thickness is smaller than
60 mm.
The reduction of DOP by increasing the target thickness can be
attributed to the higher confinement on the projectile provided by
the thicker concrete [9]. The larger thickness can generate a more
prominent confinement on the inner part of the target, enhancing
the energy absorption capacity of the inner concrete [48] and
reducing the damage level of the target [9]. Furthermore, the
amplitude of the impact wave decreases more significantly when
it travels a longer distance inside the thicker target. The impact
wave transforms into a tensile one when it reaches the rear surface
of the target and reflects at this free boundary. Since the impact
wave has a smaller amplitude in the thicker target, the reflected
tensile wave is also weaker. Consequently, the caused damage,
e.g. cracking, on the rear surface of the thicker target is reduced
(see Fig. 15). Nevertheless, the contribution of the target thickness
become less significant when the critical target thickness is
reached. This critical thickness may be related to the necessary tra-
vel length to attenuate the impact wave and to reduce its ampli-
tude below a certain value, so that the reflected tensile stress
will be too weak to cause cracking on the rear surface of the
UHPFRC. Further increasing the target thickness beyond this criti-
cal value will have very limited effects since the strength of the
tensile wave is already sufficiently small.

Additionally, comparing the DOP of U8a1s and U16a1s series in
Fig. 13 reveals that the larger coarse aggregates play an important
role on improving the ballistic resistance of the UHPFRC, and this
influence is more obvious with a smaller target thickness. For
instance, the DOP in the 67.5 mm target has an approximate 12%
reduction when the maximum aggregate size increases from
8 mm to 16 mm, while the reduction is around 9% when the target
thickness is 90 mm. Moreover, Fig. 13 shows that the U16a1s-8a1s-
16a1s series has the smallest DOP among the three simulated tar-
get series with the same thickness. For example, the DOP in the
U8a1s, U16a1s and U16a1s-8a1s-16a1s targets with a thickness
of 75 mm are about 60.5 mm, 54.8 mm and 52.6 mm, respectively.
The lower DOP of the U16a1s-8a1s-16a1s series in the whole thick-
ness range reveals that the triple-layered UHPFRC possesses an
enhanced resistance compared to its single-layered counterparts
with the same target thickness. This also indicates the possibility
of using a thinner triple-layered target instead of a thicker
single-layered one to achieve the same level of protection, e.g.
the 60 mm U16a1s-8a1s-16a1s target may be used to replace the
90 mm U16a1s target considering their comparable DOP.

5.2. Influences of penetration velocity on perforation limit

Perforation limit he is defined as the minimum target thickness
required to prevent perforation [21], and it is an important charac-
terization for ballistic engineers to design safety protective struc-
tures. A number of empirical formulae have been developed to
predict the perforation limit of concrete material, among which
the BRL formula, ACE formula, modified NDRC formula and CEA-
EDF formula are extensively utilized. The expressions of these for-
mulae are given as follows [21].

� BRL formula [21]:

he

d
¼ 1:729� 10�3

ffiffiffiffiffiffiffiffirc;s
p M

d3

� �
d0:2V1:33

0 ð10Þ

� ACE formula [21]:

he

d
¼ 4:34� 10�4

ffiffiffiffiffiffiffiffirc;s
p M

d3

� �
d0:215V1:5

0 þ 1:94 ð11Þ



Fig. 11. Pressure development in U16a1s(90).
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� CEA-EDF formula [21]:

he

d
¼ 0:82

M0:5V0
0:75

q0:125rc;s
0:375d1:5 ð12Þ

� Modified NDRC formula [21]:

Gn ¼ 3:8� 10�5 N�M
d

ffiffiffiffiffiffiffiffirc;s
p V0

d

� �1:8

ð13aÞ

DOP
d

¼ 2G0:5
n forGn P 1 ð13bÞ

DOP
d

¼ Gn þ 1 forGn < 1 ð13cÞ

he

d
¼ 3:19

DOP
d

� 0:718
DOP
d

� �2

forhe=d 6 3 ð13dÞ

he

d
¼ 1:32þ 1:24

DOP
d

for 3 < he=d < 18 ð13eÞ

where N* is the nose shape factor, N* = 0.72, 0.84, 1.0 and 1.14 for
flat, blunt, spherical and sharp heads, respectively.
The he of the U8a1s, U16a1s and U16a1s-8a1s-16a1s target ser-
ies under impact velocities from 640 m/s to 940 m/s are approxi-
mately estimated by the numerical models. The results are
illustrated in Table 7 together with the calculated he by the above
empirical formulae. Note that for the triple-layered UHPFRC, equiv-
alent concrete properties obtained according to the composite the-
ory [49] are used as the input parameters for the empirical
formulae. For instance, the equivalent compressive strength of
the triple-layered UHPFRC rc,eq used in the empirical formulae is
the arithmetic mean of the layers’ compressive strength:

rc;eq ¼ rc;s;1H1 þ rc;s;2H2 þ rc;s;3H3ð Þ= H1 þ H2 þ H3ð Þ ð14Þ

where rc,s,i and Hi are the compressive strength and thickness of the
ith layer, i = 1, 2, 3.

As shown in Table 7, the ACE formula gives results that are clos-
est to the numerical he of the U8a1s series at the whole velocity
range, and predictions for the U16a1s series at high velocities
namely 840 m/s and 940 m/s are also acceptable. The modified
NDRC formula yields results comparable to the numerical he of
U16a1s at 640 m/s and 740 m/s, as well as those of U16a1s-8a1s-
16a1s at 640 m/s, 740 m/s and 840 m/s. In contrast, the numerical
he of U16a1s-8a1s-16a1s at 940 m/s falls between the estimations
of the modified NDRC and ACE formulae. Accordingly, none of
these existing empirical formulae is able to predict the he of the
developed UHPFRC from 640 m/s to 940 m/s. This is because these
formulae are proposed based on the regression analyses of certain
types of concrete under certain impact velocities, which limits
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Fig. 12. Pressure development in U16a1s(30)-8a1s(30)-16a1s(30).

Fig. 13. Influence of target thickness.

Projectile tip slightly crosses the rear surface  

Fig. 14. Failure pattern of U16a1s target with a thickness of 60 mm.
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their application ranges [50]. Since UHPFRC is a relatively new
material, these empirical formulae are not exactly proposed for it
and their validity has not been verified against impacts of UHPFRC,
not to mention the coarse-aggregated layered UHPFRC. That being
the case, the ACE formula is modified to give more accurate predic-
tions for the coarse-aggregated layered UHPFRC developed in this
study. The modified ACE formulae are obtained on the basis of
the simulation results in Table 7, and the expressions are given
below:

he

d
¼ 4:34� 10�4

ffiffiffiffiffiffiffiffirc;s
p M

d3

� �
d0:215V1:5

0 þ 1:73 for U8a1s ð15aÞ

he

d
¼ 4:34� 10�4

ffiffiffiffiffiffiffiffirc;s
p M

d3

� �
d0:215V1:5

0 þ 1:42 for U16a1s ð15bÞ



(a) 67.5 mm                                                                            (b)    82.5 mm 

Fig. 15. Failure pattern of U8a1s targets with different thickness.

Table 7
Perforation limits at different velocities following the simulation and empirical formulae.

V0 (m/s) Method he (mm)

U8a1s U16a1s U16a1s-8a1s-16a1s

640 Simulation 48.0 45.0 42.0
BRL 51.1 50.1 50.4
ACE 50.6 49.8 50.1
CEA-EDF 39.1 38.5 38.7
Modified NDRC 45.4 45.1 45.2

740 Simulation 57.0 54.0 48.0
BRL 62.0 60.8 61.2
ACE 59.3 58.4 58.7
CEA-EDF 43.6 42.9 43.1
Modified NDRC 50.4 50.0 50.1

840 Simulation 67.5 63.0 57.0
BRL 73.4 71.9 72.4
ACE 68.6 67.5 67.9
CEA-EDF 47.9 47.2 47.4
Modified NDRC 55.2 54.8 54.9

940 Simulation 78.0 75.0 67.5
BRL 82.3 83.5 84.1
ACE 78.5 77.2 77.6
CEA-EDF 52.2 51.4 51.6
Modified NDRC 60.1 59.5 59.7
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he

d
¼ 4:34� 10�4

ffiffiffiffiffiffiffiffirc;s
p M

d3

� �
d0:215V1:5

0 þ 0:63 for U16a1s� 8a1s� 16a1s

ð15cÞ
The comparisons between the he from the numerical simulation

and the modified ACE formulae are shown in Fig. 16. Excellent
agreements are observed. It is worth mentioning that similar to
Fig. 16. Comparison between simula
the existing empirical formulae, the modified ACE formulae have
also their applied range. They are proposed for the coarse-
aggregated layered UHPFRC against the 7.62 mm projectile under
impact velocities between 640 m/s and 940 m/s. Using them for
larger-caliber projectile may lead to underestimation of the DOP
due to the scaling effect, which can be attributed to the inconsis-
tent size variations of the projectile and the aggregates [51].
tion and modified ACE formulae.



Table 8
Cement amount to cast one UHPFRC target with a diameter of 275 mm and a thickness of he.

Initial velocity V0 (m/s) Material amounts (kg)

U8a1s U16a1s U16a1s-8a1s-16a1s

cement fiber cement fiber cement fiber

640 1.68 0.22 1.40 0.21 1.36 0.20
740 1.99 0.27 1.68 0.25 1.56 0.22
840 2.36 0.31 1.96 0.29 1.85 0.27
940 2.72 0.36 2.34 0.35 2.19 0.31
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Furthermore, as depicted by the numerical results in Table 7, he
increaseswith the increaseofV0; and theU8a1s serieshas the largest
he, while U16a1s-8a1s-16a1s the smallest value. For example, the
simulationexhibits that for anU8a1s target, the smallest thicknesses
to prevent perforation under 640m/s and 940m/s are about 48mm
and 78 mm, respectively. On the contrary, those corresponding to
the U16a1s-8a1s-16a1s series are only 42 mm and 67.5 mm,
decreasing 14% and 16%, respectively, compared to those of U8a1s.

The smaller he of the U16a1s-8a1s-16a1s series indicates the
feasibility to reduce the target thickness by applying the layered-
structure, which then results in the reductions of the required
materials, e.g. cement and steel fibers. Table 8 gives the cement
and fiber amounts to cast a UHPFRC target with a diameter of
275 mm and a thickness of he (obtained from the simulations in
Table 7). Thanks to the enhanced impact resistance of the triple-
layered UHPFRC, the cement and fiber amounts required to cast
the U16a1s-8a1s-16a1s targets are obviously reduced compared
with their single-layered counterparts. To be more precise, the
cement amounts for the U16a1s-8a1s-16a1s targets under
640 m/s, 740 m/s 840 m/s and 940 m/s are about 19%, 22%, 22%
and 20% less than those for the U8a1s targets; and the correspond-
ing fiber amount reductions are 13%, 16%, 16% and 13%, respec-
tively. As a consequence, with the same level of ballistic
resistance, the triple-layered UHPFRC consumes less materials
than the single-layered one, making the layered target more sus-
tainable and more economic. In addition, the lighter weight of
the triple-layered UHPFRC target is also beneficial for its trans-
portation and installation.

6. Conclusions

This study numerically investigates the ballistic performance of
the coarse-aggregated layered UHPFRC with LS-DYNA. Mechanical
and ballistic experiments are conducted to provide model inputs
and to validate the simulations. After model validation, the dis-
placement and velocity histories of the projectile, as well as the
dynamic penetration process in the UHPFRC targets are analyzed.
Furthermore, the effects of the target thickness on the DOP, and
the influences of the impact velocity on the perforation limit he
are discussed. In addition, modified ACE formulae to accurately
predict the he of the coarse-aggregated layered UHPFRC are pro-
posed based on the simulations. The study promotes a better
understanding of ballistic responses of the coarse-aggregated lay-
ered UHPFRC. The following conclusions can be drawn:

(1) The numerical simulations of the U8a1s(90), U16a1s(90) and
U16a1s(30)-8a1s(30)-16a1s(30) targets coincide well with
the experimental results. The difference between of the
DOP and the crater size obtained by the experiments and
the simulations are smaller than 0.5% and 5%, respectively.

(2) The HJC constitutive model in LS-DYNA can well character-
ize the dynamic response of the coarse-aggregated UHPFRC
subjected to projectile impacts; and the improved ballistic
resistance provided by the coarse aggregates can be reflected
by increasing the crushing pressure in the model.

(3) The layer interface affects the pressure distribution in the
triple-layered target and thus the velocity history of the pro-
jectile. This can be attributed to the complicated propaga-
tion and reflection of the stress wave near the interface,
the distinct pressure bearing capacities of the interface and
the layer matrix, as well as the different confinement levels
of the two layers.

(4) The DOP decreases with the increase of the target thickness;
however, the reduction becomes very limited when the crit-
ical target thickness is reached. The critical thickness is
around 75 mm, 67.5 mm and 60 mm for the U8a1s,
U16a1s and U16a1s-8a1s-16a1s targets, respectively.

(5) The he increases with the increase of the penetration veloc-
ity. Under the same velocity, U8a1s has the largest he while
U16a1s-8a1s-16a1s achieves the smallest value, indicating
the feasibility to produce thinner target with the layered
structure concept. Consequently, the triple-layered UHPFRC
consumes fewer dosages of cement and fibers than the
single-layered one with the same level of protection, making
the layered target more environmentally and economically
attractive.
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