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Abstract. In this work, the fracture of a reinforced concrete barrier made of heavy reinforced ce-
ment is numerically simulated during normal interaction with a high-velocity titanium projectile. The
projectile has the initial velocity 750 m/s. The problem of impact interaction is numerically solved
by the finite element method in a three-dimensional formulation within a phenomenological framework
of solid mechanics. Numerical modeling is carried out using an original EFES 2.0 software, which al-
lows a straightforward parallelization of the numerical algorithm. Fracture of concrete is described by
the Johnson-Holmquist model that includes the strain rate dependence of the compressive and tensile
strengths of concrete. The computational algorithm takes into account the formation of discontinuities
in the material and the fragmentation of bodies with the formation of new contact and free surfaces.
The behavior of the projectile material is described by an elastoplastic medium. The limiting value of
the plastic strain intensity is taken as a local fracture criterion for the projectile material. A detailed
numerical analysis was performed to study the stress and strain dynamics of the reinforced concrete
target and the effect of shock-wave processes on its fracture. The influence of reinforcement on the
resistance of a heavy cement target to the penetration of a projectile has been investigated.
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Introduction

Reinforced cement structures are a type of reinforced concrete structures made of concrete,
which includes cement-sand concrete reinforced with nets made of thin wire 0.5-1 mm in diameter
with small cells up to 10x10 mm in size. By heavy reinforced cement we mean reinforced concrete
structures with close-packed reinforcement, in which metal rods with a diameter of more than 5
mm are used for reinforcement.

Reinforced concrete is the most widespread construction material, which is much used in
the construction of buildings and structures. Requirements on physical and mechanical charac-
teristics of concrete depend on its application, operating conditions, and the criticality level of
structures. For designing major risk structures (nuclear power plants, hydroelectric dams, stor-
age facilities for toxic and radioactive materials, and protective shelters), prediction calculations
must be made for their dynamic load — shock, impulse action [1]. Such loads on a structure
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can be induced by natural phenomena (earthquakes, hurricanes), man-made disasters (aircraft
crashes), operational failures, and terrorist attacks.

The behavior of concrete under severe dynamic loads is significantly different from the behav-
ior under static loads. This is due to strength properties of concrete: high compressive strength
but low tensile strength. The difference in compressive and tensile strengths of concrete can
reach a factor of 15-20. Under severe dynamic loading (high-velocity impact, impulsive loads),
wave processes take on a decisive role in fracture of concrete, resulting in zones of intensive
tensile stresses, which arise in unloading waves. Discontinuities will form in these zones, which
can end in fracture and fragmentation of a structure. Metal, basalt, glass and carbon fibers are
currently used to improve strength characteristics of concrete. Reinforcing steel elements are
replaced by composite ones, thus reducing significantly the structure weight and retaining the
operational characteristics. The experimental, theoretical and numerical study of the concrete
behavior under dynamic load is proceeding vigorously. The work is carried out in several di-
rections: development of simplified models based on the experimental investigation of various
concrete types, which enable a rapid assessment of dynamic action on a structure; development
of reinforced concrete models; development of algorithms for detailed numerical analysis and
prediction calculations [2-9]. Pereira et al. [2] proposed a concrete damage model, which takes
into account the influence of hydrostatic compression on the concrete fracture under impact
loads. The numerical comparison in an axisymmetric formulation was made of fracture dynam-
ics of concrete targets under normal impact of the rigid and elastoplastic projectile in the range
of initial velocities 200-500 m/s. The numerical results show satisfactory agreement with the
experiments on the fracture pattern of concrete targets at various impact velocities and target
thicknesses. Teng et al. [3] performed numerical modeling by the finite element method in a
three-dimensional formulation for normal and oblique interaction of the ogival-nosed steel pro-
jectile with the reinforced concrete target in the velocity range 300-1000 m/s. Concrete was
reinforced with cylindrical steel rods spaced evenly in one or two orthogonal directions. Rein-
forcing elements were given no explicit consideration in the model. A heterogeneous reinforced
concrete target was replaced by an orthotropic elastic-brittle medium with effective mechanical
characteristics. The investigation focused on fracture of the reinforced concrete target under
normal and oblique impact. The influence of reinforcement on the ballistic resistance of con-
crete targets was experimentally studied by Igbal et al. [4] for the case of normal interaction of
long high-strength ogival-nosed steel rods with concrete and reinforced concrete targets at the
velocity 90-180 m/s. The experiments show that the concrete target reinforcement increases its
ballistic resistance by 20%. Zhang et al. [5] proposed an analytical model for the penetration
of ogival-nosed projectiles into semi-infinite concrete targets at different interaction velocities.
Several intervals of impact velocities were introduced, in which the projectile behavior is de-
scribed differently depending on the physical and mechanical properties of the material: at low
velocities, the projectile is thought to be absolutely rigid; with increasing velocity, consideration
is given to erosion and loss of mass of the projectile; at high velocities, the projectile is assumed
to be deformable, with the nose part being transformed into a spherical one. Works on numerical
modeling often employ commercial software. Shao et al. [6] performed a numerical LS-DYNA
investigation of the interaction of steel projectiles with the three-layered target at the velocities
up to 810 m/s. The upper layer consists of the steel mesh, the second layer is foamed aluminum,
and the third layer is high-strength concrete. Account was taken of an increase in the concrete
strength at higher strain rate. The influence of the metal mesh and foamed aluminum on the
energy absorption of the layered target and fracture of concrete was investigated. The depth
and diameter of the crater formed in concrete was compared to the experimental data. A com-
prehensive study was performed by Rajput et al. [7], including the numerical and experimental
investigation of the influence of reinforcement on the ballistic resistance of concrete targets. The
steel mesh with the bar diameter 8 mm was used for reinforcement. High-strength steel projec-
tiles with the diameter 19 mm, mass 0.5 and 1.0 kg, aspect ratio 11.8 and 23.7, respectively, were
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used as strikers. Interaction velocities varied in the range 43-178 m/s. It was shown that the
concrete target reinforcement increases the ballistic limit by 15.6% for the 0.5 kg projectile and
by 13% for the 1 kg projectile. The influence of fibers on the concrete strength was studied by
Liu et al. [8], where the influence of steel and polymer fibers on the concrete impact resistance
was studied numerically and experimentally. The fiber concentration in the concrete was 3%,
providing the maximum increase in the concrete strength. The reinforced concrete is struck by
ogival-nosed projectiles made of high-strength steel with the yield strength 1.5 GPa. The impact
velocity ranged 550-800 m/s. A comparative analysis was performed for the ballistic resistance
of the targets made of conventional concrete and concrete reinforced with various fibers. It was
shown that the introduction of fibers significantly increases the impact strength of concrete. The
strongest effect was achieved with steel fibers. Along with the solution of the problem of strength
improvement, effective means of fracture of concrete structures are searched for. One way is to
use two-stage projectiles [9]. An explosively formed projectile impacts the structure at the first
stage, and a high-strength projectile acts at the second stage. After the shock wave partially
destroys the structure, the solid projectile penetrates into it. Such projectiles are employed to
destroy underground structures. The effect of such projectiles was investigated experimentally
and numerically in the LS-DYNE code [9].

The purpose of our work is to study the fracture of a reinforced concrete structure made of
heavy reinforced cement upon impact. The structure consists of close-packed steel reinforcement
and cement-sand concrete. In the calculations, the diameter of the reinforcing bars and the size
of the cells vary. In the calculations, reinforcing elements are taken into account explicitly.

1. Basic equations of the mathematical model

The system of equations describing nonstationary adiabatic motion of the compressed medium
in the arbitrary coordinate system (i = 1,2,3), includes the following equations: continuity
equations

ap .
g Vvl =0, 1
g T PViv 1)
motion equations ‘
pa® = Vo* + FF, (2)
where N
9 ,
ab = % + 'V 0",

Vo' = Uff + Ffmaim + F%O’ik,
and energy equations
de 1 ..
a0 e (3)

Here F* is the mass force vector components, Ffj is the Christoffel symbols, ¢ is the con-
travariant components of the symmetric stress tensor, E is the specific internal energy, p is the
medium density, v* is the velocity vector components, and e;; is the symmetric strain rate tensor
components:

1
eij = i(VZ-vj + Vj’l}i).
The stress tensor is represented as a sum of the deviatoric S** and spherical parts P:
07 = —Pgl + 5, @)

where g% is the metric tensor.
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Pressure in the projectile material is calculated via the Mie-Gruneisen equation as a function
of the specific internal energy E and density p:

3
K
P=Y K" <1 - g”) + KopE, (5)
n=1

where Ky, K1, K2, K3 are the material constants, = V/Vy — 1, Vi and V are the initial and
current specific volumes.
Pressure in the concrete target is determined by the equation

Kip+ Kop? + Kap®, >0,
P{ 1+ fou” + K3p®, [ (6)

Kl:u? H < 0.

By assuming the principle of minimum work of true stresses in a strain increment, the relation
between the strain rate tensor components and stress deviator is written in the form

1 DS iy
2G <ei]‘ — 3ekkéij> = Dt +ASY, A>0. (7)

Here the time derivatives of the deviatoric stress components are taken in the Jaumann formu-
lation: | .
DS dS¥ i &
VR TR L
where w;; = (V;v; — V,;v;) /2 and G is the shear modulus.
The material shows elastic behavior (A = 0)subject to the Mises condition

.. 2
S” Sij é 50'(21, (8)

and plastic behavior (A > 0) provided that the Mises condition does not hold. Here oy is the
dynamic yield stress of steel, which, in a general case, can be a function of strain rate, pressure
and temperature.

The limiting plastic strain intensity is taken to be a local fracture criterion for the projectile

material: Y
2
5 /3 - TF, (9)

€y =

where T} and 15 are the first and second strain tensor invariants.

The experimental investigations of concrete fracture revealed an increase in strength charac-
teristics of concrete under dynamic loads [10]. In so doing, the ultimate tensile and compressive
stresses depend differently on the strain rate. The static ultimate strength is related to dynamic
one via the dynamic response factor Ky = Ry/Rs, where Ry is the dynamic strength, and Ry is
the static strength.

Based on the experimental data [10], approximation dependences were derived for dynamic
response factors of concrete in compression (10) and tension (11). The corresponding K4 — e
diagrams are given in Fig. 1:

Kqe = 0.00158333¢” + 0.0252855¢* + 0.15255¢® + 0.47898¢2 + 1.01959¢ + 2.36037,  (10)
Kqe = 0.000832308¢> + 0.0110547¢* + 0.0447734¢ + 0.0475887¢2 + 0.0184316¢ + 1.20895. (11)

Concrete fracture is described using the Johnson-Holmquist model [11, 12| with consideration
for damage accumulation in compression:
dD  dep 1
—_— = 12
dt - dt ef (12)
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Fig. 1. Dynamics response factor versus strain rate in tension (1) and compression (2).

where D is the damage parameter characterizing the degree of discontinuity of the material, e,
is the equivalent ultimate plastic strain of the material and 51f3 is the cracking strain:
el =Dy (P + 1), (13)
where Dy, Do, and T* are the experimental parameters of the material, P* = P/Pygy, is the
normalized pressure, and Py gy is the Hugoniot pressure. At D = 1, the material is thought to
be fractured, and in so doing o;; = 0.
Tensile fracture occurs in concrete if the highest normal stress exceeds the dynamic ultimate

tensile strength:
max{c', 0%, 0%} > K4 R:. (14)

2. Problem statement

Consideration is given to the normal interaction of the cylindrical titanium projectile with
the reinforced concrete target. The projectile density pg = 4430 kg/m3 and dynamic yield stress
o4 = 0.9 GPa. The projectile is 50 mm in diameter, 100 mm in length, and has the initial
velocity 750 m/s. The target material is concrete with the density pp = 2440 kg/m3 compressive
R, = 48 MPa and tensile strengths R; = 4.8 MPa. The target is a parallelepiped with a length
150 mm, width 150 mm and thickness 100 mm. The target is reinforced with metal rods with
dynamic yield stress o4 = 0.3 GPa and density pg = 7850 kg/m3. Two cases of reinforcement
were considered, the first — the reinforcement diameter of 5 mm (Fig. 2a), the second — the
reinforcement diameter of 10 mm (Fig. 2b). In the first case, the distance between the rods is
20 mm, in the second — 50 mm. In both cases, the reinforcement simulated exlplicitly.

The problem is solved numerically in a three-dimensional statement in the Cartesian coordi-
nate system by the finite element method [13-15] using the original EFES 2.0 software [16]. The
condition of frictionless sliding is realized at the target — projectile contact surface.

3. Modeling and results
In accordance with the task, a numerical simulation of the interaction of a titanium projectile
with two types of targets was carried out (Fig. 2). As noted above, the calculations were carried

out with an explicit description of reinforcing elements. In target 1, the reinforcement is denser —
the reinforcement volume is 33%, in barrier 2-22%. Fig. 3 shows the calculated configurations of
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Fig. 2. Formulation of the problem. a) — target 1, b) — target 2

the projectile and target 1 at 65 and 130 us after the start of interaction. The given configurations
illustrate the dynamics of targets fracture. Calculations show that intensive fracture of concrete
occurs along the thickness of the barrier. Also, concrete is fractured in planes perpendicular to
the direction of impact, the size of the fracture area is three diameters of the projectile. Intense
fracture of concrete occurs in unloading waves resulting from multiple reflections of compression

waves from contact and free boundaries. The tensile strength of concrete is low, which leads to
its fracture in unloading waves.

Fig. 3. The configurations of the projectile and target 1 at the moments of time a) 65 us,
b) 130 us

Fig. 4. The configurations of the projectile and target 2 at the moments of time a) 65 us,
b) 130 us

Similar to Fig. 3 in Fig. 4 shows the configuration of the projectile and target 2. The
qualitative picture of the fracture of target 2 is the same as target 1. The resistance of targets
to impact fracture can be estimated from the values of the velocity of the center of mass of the
projectile and the depth of penetration of the projectile. The penetration depths of the projectile
into target 1 at 65 and 130 us were 37 and 74 mm, respectively. For target 2, the values of the
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penetration depth at the same times were 39 and 81 mm, respectively, which is 5% and 9% more
than in target 1.

The velocity of the center of mass of the projectile when interacting with target 1 in 65 us

was 625 m/s, in 130 pus — 528 m/s. The corresponding values of the projectile’s velocity when
interacting with target 2 are 665 and 619 m/s, which is 6% and 17% more than in target 1. Thus,
target 1 has greater resistance to the projectile’s penetration.

Conclusion

RA

As a result of the research the following conclusions:

e in the EFES software package, an algorithm for solving multi-contact problems is imple-
mented, which makes it possible to carry out numerical studies of the fracture of structures
made of heavy reinforced cement with an explicit description of reinforcing elements, taking
into account the fracture and fragmentation of materials;

e using the EFES software package, it is possible to conduct predictive studies of the pro-
tective properties of reinforced concrete structures upon impact, depending on the scheme
and type of reinforcement in the design of promising structures.

This work was financially supported by the Government research assignment for ISPMS SB
S, project no. FWRW-2021-0002.
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Pa3zpynienue 3aIiuTHBIX KOHCTPYKIWI U3 TAXKEJIOTO
apMoOIleM€EHTa I[IPU B3aUMOAENCTBUN C BBICOKOCKOPOCTHBIM
YAAPHUKOM

ITaBes A.Paguenko
Cranucaas 11. Baryes
Awnnpeii B. Paguenko

WNucruryT dpusukm npounoctu u marepuasiosenenns CO PAH
Tomck, Poccuiickass @eneparnys

AnaHoTanusa. B pabore 4ncieHHO MOJEIUPYETCs pa3pyIleHne KejIe3006eTOHHON Tperpaibl U3 TIKeJIOro
apMOIIEMEHTa, IIPY HOPMAaJILHOM B3aUMO/IEHICTBIAN C BBICOKOCKOPOCTHBIM THUTAHOBBIM yjapaukoM. Hauams-
Hasi CKOPOCTb yJapHUKa cocTasiisiza 750 M/c. 3aada yIapHOro B3aMMOJAEHCTBUS PENIAETCs] YUCIEHHO B
TPEXMEPHO IOCTAHOBKE B PAMKaX (DEHOMEHOJIOTUYIECKOTO MO/IX0A MEXAHUKH CILIOIIHOM cpebl. Yucsien-
HOE MOJEJIMPOBAaHKE IIPOBOJIUTCS C KCIOJIB30BAHMEM aBTOPCKOro mporpammuoro komiurekca EFES 2.0,
TO3BOJISIONIETO 9(PMHEKTUBHO PaCHAPAIIETUTh BBIYUCIUTENbHBIN aqroputM. Pazpyiinenne GeTtoHa ormu-
ceiBaeTcs MoJiebio JIpKoHCOHA — XOJIMKBHUCTA C yYeTOM 3aBUCUMOCTU IIPOYHOCTH OETOHA Ha CXKATUE U
pacTsi?)KeHHe OT CKOPOCTH JiecbopMariiu. BbIYUCIUTEeIbHBI aJrOPUTM YIUTHIBAET Pa3pyllleHue MaTepu-
aja u (PparMeHTaInio TeJI ¢ 0Opa30BaHNEM HOBBIX KOHTAKTHBIX W CBOOOMHBIX ToBepxHOCTEl. [loBemenne
MaTepuaja yJAapHUKa OIMCHIBAETCs YIPYTOIJIACTUYECKON cpenoii. B KadecTBe KpuTepus JIOKAJIbLHOTO
pa3pyllleHus MaTepuaja yJIapHUKa MPUHUMAETCs MpelebHOe 3HAYeHNe WHTEHCUBHOCTU IJIACTUYECKOMN
nedopmarmu. [IpoBenen moapoOHBINT YUC/IEHHBIN aHAIN3 JUHAMUKN HAIPSKEHHO-Ie(DOPMUPYEMOTO CO-
CTOsIHUS YKeJIe3006TOHHOI IIPerpaJibl U BJIUsIHUSL YaPHO-BOJIHOBBIX IIPOIIECCOB Ha ee pa3pyienue. Mccie-
JIOBAHO BJIMSIHUE apMUPOBaHUsI HA CONPOTUBJIEHHE MPErpaJibl U3 TSXKEJIOTO apMOIEMEHTa TPOHUKAHUIO
VIapHUKA,

KuaroueBrbie cioBa: Mojenb, paspylienne, IPOYHOCTh, yAapHAasl BOJIHA, BOJIHA PAa3rpy3Ku, OETOH, Ha-
IIpsizKEHUE.
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