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High Strength Fiber Reinforced Concrete (HSFRC) presents great advantages when compared with conventional
concrete under static loads and thus, it constitutes a promising material to withstand extreme loads. The ex-
perimental results of blast tests performed on HSFRC slabs including different types of hooked end steel fibers are
presented and numerically analyzed in this paper. The numerical simulation was able to reproduce the ex-
perimental results and it confirms that for the same fiber content, shorter fibers provide greater blast resistance,

showing smaller craters and spalling at the back face.

1. Introduction

The addition of fibers to concrete allows reducing its brittle nature
and leads to a notable increase in energy absorption capacity. High
Strength Fiber Reinforced Concrete (HSFRC) [1] and Ultra High Per-
formance Fiber Reinforced Concrete (UHPFRC) [2] present great ad-
vantages for withstanding extreme actions when compared with con-
ventional concrete and constitute promising materials for protective
structures that help save lives improving the strength and durability of
buildings and infrastructure under extreme loads. Even though the
available experimental results show their potential applications, more
research is required to improve the understanding of their behavior and
to assess their response under extreme actions like blast loads. Studies
on the behavior of HSFRC [3] and UHPFRC [4] under high strain rate
loads are still limited [5].

The benefits in damage control, accelerations and displacements in
HSFRC elements when comparing them to conventional concrete ele-
ments have been confirmed [6]. Higher ductility [7,8], lower perma-
nent deformation [7], higher load bearing capacity [8], crack control
[8] and greater ability to absorb energy without fragmentation [7-9]
than conventional concrete panels were also found in the case of
UHPFRC panels exposed to blast loads.

Available experimental results show that blast resistance increases
with the increase of fiber volume and that different types of steel fibers
have similar effects improving blast strength [9,10]. Fibers addition can
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prevent concrete spalling from slabs rear face and cracks on slab front
face [11]. The panels are less likely to fail and they present higher
strength with greater extension of damage than conventional concrete
specimens due to micro cracking [12]. Multiple failure modes are ob-
served including matrix and aggregates cracking, aggregate/matrix and
fiber/matrix debonding and fibers pull-out [12].

The results of blast tests made on HSFRC and UHPFRC elements
under close or contact explosions are very scarce [13-15] and available
empirical methods [16] are not able to accurately predict spalling da-
mage [13]. More tests are required for a better understanding of HSFRC
and UHPFRC performance under blast loads and to assess the effect of
different types and contents of fibers on blast response and blast da-
mage. Moreover, taking into account the complexity of HSFRC and
UHPFRC behavior combined with that of impact and blast loads, a deep
knowledge of the material behavior together with material models and
robust numerical tools are required for a proper design of elements
under extreme actions.

Available models for the simulation of fiber reinforced materials can
be classified in macro and meso-models. In macro-models the compo-
site behavior is represented as a unique homogeneous material with
average properties [17-19]. Constitutive laws and material parameters
are directly obtained from tests. The main advantage of these models is
the use of material information that is relevant for the structural scale.
The main disadvantage is the need of performing several tests since the
contribution of the fibers is not explicitly considered. This drawback
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Table 1
Blast tests description.
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Test 1

Test type

Test 2 Test 3

TNT,q mass [kg]
Height" [m]

0.049
0.0175

0.244
0.2425

0.488
0.2725

& Explosive gravity center height over slab (m).

can be avoided using models derived in the meso-scale that explicitly
take into account matrix, fibers, and interface collaboration. The
counterpart is that they are computationally expensive. Thus, multi-
scale approaches [20,21] are normally used to represent the composite
behavior at the macro-scale. There are very few models adequate for
the simulation of UHPFRC under impact or blast loads [22]. Except for
a few models [10,23], most meso-models and multiscale models have
been developed and calibrated for static loads and do not take into
account the strain rate effect on the components and on the fibers pull-
out behavior. The response of HSFRC to impact and blast loads is
usually simulated with explicit codes like hydrocodes using available
macro-models that were originally developed for concrete [24]. The
analysis of fibers contribution and the effect of fibers geometry on
mechanical properties can contribute reducing the required number of
tests to calibrate these homogeneous models.

This paper presents the experimental and numerical analysis of blast
tests performed on HSFRC slabs incorporating different types and
contents of steel fibers in a High Strength Concrete (HSC) matrix. The
role of fibers controlling cracking, scabbing and spalling under close in
explosions is clearly shown. Based on the comparison of numerical and
experimental results, some recommendations for the numerical simu-
lation of blast loads on HSFRC using homogeneous equivalent models
originally developed for concrete are also provided.

2. Experimental
2.1. Blast tests description

Three different types of blast tests (see Table 1) were performed on
HSFRC slabs varying the explosive masses and stand-off distances. The
square slabs of 550 mm side and 50 mm thickness were supported on a
highly reinforced steel frame leaving a free span of 460 mm. The frame
has L shape plates at the corners to prevent the slabs going upwards due
to the negative phase of the blast wave. A gel-like explosive formed by a

Fig. 1. Numerical model of the blast tests.

semi-plastic mass consisting of a gelatin nitroglycerine and ni-
trocellulose incorporating ammonium salts and additives was used for
the blast tests. It has a nominal TNT equivalence of 0.65 in weight. In all
cases, the explosive had cylindrical shape and the detonator was located
in the center of the upper surface. In blast Tests 1 the explosive was on
the slab while in Tests 2 and 3 the explosive was supported on an ex-
panded polystyrene block. Blast pressures time histories resulting from
different amounts of explosive were recorded using pressure sensors
(Honeywell 180PC) in order to verify the TNT equivalence of the
commercial explosive used in the tests. The pressure sensors were lo-
cated at 15 and 18 m from the explosive and at 1 m height from the
ground surface [25]. The minimum standoff distance of 15m was de-
fined in order to not exceed the pressure range of the sensors. The
sampling rate was 50,000 points per second.

Table 2

Concretes: type and content of fibers and mechanical properties.
Concrete type P L3o-40 L30-80 Leo-40 Leo-80
Fibers Lao L3o Leo Leo
Fibers length [mm] 30 30 60 60
Fibers diameter [mm] 0.38 0.38 0.75 0.75
Fiber content [kg/m] - volume [%] 40 - 0.5 80 -1.0 40 - 0.5 80-1.0
fi. [MPa] 7.6 (0.5) 7.6 (0.6) 8.4 (0.6) 7.6 (0.9) 7.6 (0.9)
fmax [MPa] 7.6 (0.5) 11.1 (2.2) 15.9 (1.1) 12.0 (3.6) 18.5 (2.3)
fr1 [MPa] - 7.3 (2.8) 13.1 (0.2) 7.0 (2.4) 13.9 (1.7)
frs [MPa] - 9.6 (3.5) 14.5 (1.8) 11.3 (3.4) 17.6 (2.2)
fibers/mm? - 0.016 (0.004) 0.039 (0.002) 0.009 (0.004) 0.019 (0.002)
FRC class [27] 7e 13d 7e 13d

(*) Average (standard deviation).
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Table 3
Material properties used for Air and TNT.
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Air
Equation of state: ideal gas

TNT
Equation of state: JWL

Reference density [g/cm’] 1.22500E -3
Gamma 1.40000E +0
Adiabatic constant 0.00000E +0
Pressure shift [kPa] 0.00000E +0
Refer. temperature [T] 2.88200E + 2
Specific heat [J/kg K] 7.17600E +2
Thermal Conduc. [J/mKs] 0.00000E +0

Reference density [g/cm?] 1.63000E+0
Parameter A [kPa] 3.73770E+8
Parameter B [kPa] 3.74710E+6
Parameter R1 4.15000E +0
Parameter R2 9.00000E -1
Parameter W 3.50000E—1
C—J Detonation velocity [m/s] 6.93000E +3
C—J Energy/unit vol. [kJ/m?] 6.00000E + 6
C—J pressure [kPa] 2.10000E +7
Burn on compression fraction 0.00000E +0
Pre-burn bulk modulus [kPa] 0.00000E +0
Adiabatic constant 0.00000E +0
Auto-convert to ideal gas Yes

2.2. Material and mixtures characterization

Five High Strength Concretes were studied: a plain concrete (P) and
four HSFRC varying the fiber length (30 and 60 mm) and the fiber
dosages (40 and 80 kg/mg), see Table 2. All concretes were prepared
using the same base self-compacting matrix. Ordinary Portland cement,
silica fume, calcareous filler, natural siliceous sand and 12 mm max-
imum size granitic crushed stone were used as component materials. A
set retarding plasticizer and a high range water reducer were used as
chemical admixtures. The water/(cement + silica fume) ratio was
equal to 0.24.

Two types of hooked-end high carbon steel fibers (Lo and Lgg) with
different lengths (30 and 60 mm) and diameters (0.38 and 0.75 mm
respectively) were used, see Table 2. The tensile strength of the fibers
was over 2500 MPa. HSFRC are identified with the name of the fiber
followed by the fiber content (L3o-40, L30-80, Lgo-40, Lgo-80). As fibers
L3, are shorter, for the same nominal fiber content, HSFRC L3y-40 and
L30-80 have higher fibers density than concretes incorporating fibers
Leo-

Four prisms of 430 mm X 50 mm X 105mm for bending char-
acterization (with thickness comparable to the slabs), as well as four
100 mm X 200 mm cylinders to evaluate the compression strength and
the static elastic modulus were cast. Major details of the tests performed
for material characterization have been previously published [25].
Mean values of 114 MPa and 40 GPa were obtained for the compression
strength and the elastic modulus respectively. Bending tests were per-
formed following the guidelines of EN 14651 standard [26]. The prisms
had a notch of approximately 19 mm in the central section and were
tested under three points loading. The crack mouth opening displace-
ment (CMOD) was registered and the first peak stress (f,), the maximum
stress (fnax) and two residual stresses (fr1, fr3) were calculated. After
the tests, the number of fibers crossing the central section was counted.
The average results and the standard deviation are presented in Table 2.
The Fiber Reinforced Concrete (FRC) class, based on the criterion
proposed by fib Model Code 2010 [27] is also included.

3. Numerical simulation

The experimental tests were designed based on a preliminary nu-
merical simulation with AUTODYN [28] assuming HSFRC as a homo-
geneous material. After the tests, the dependence of HSFRC mechanical
parameters on fiber type and content was studied. Then, the blast tests
were numerically modeled in order to analyze the effect of fiber type
and content on slabs behavior under close in or contact blast loads and
to corroborate the models and material parameters previously assumed.

3.1. Simulation of blast tests on slabs

In order to reproduce the complete problem, the numerical model
consisted of the air volume, where the slabs were immersed and the
blast wave was generated and propagated, the slabs and the support,
see Fig. 1. The problem was simulated from the beginning, including
explosive detonation, blast wave propagation in air and its interaction
with the slabs.

In all cases, the mesh was refined until negligible differences in
pressure and impulse values on the plate were found. In the case of
elevated blast charges, the explosion was simulated from the detonation
instant in a very refined mesh (mesh size = 1.5mm < minimum ex-
plosive dimension/20) representing the explosive charge and the sur-
rounding air. Before the pressure wave reached the borders of this first
model, the results were mapped on a coarser model including the slab
(Fig. 1). An axial symmetric mesh and an Euler Gudunov processor
were used for the first step of the numerical simulation. The ideal gas
equation of state (EOS) was used for the air while JWL EOS was used for
TNT. Standard material parameters available in AUTODYN material
library were used for air and TNT [29]; they are presented in Table 3. In
order to simulate a free field explosion, flow out of air was allowed in
all the model borders. The detonation of the explosive was initiated on
the top of the cylindrical explosive charge axis as in the tests. An Euler
FCT processor with a mesh size of 5 mm in the surroundings of the plate
(120 x 120 x 70 elements) was used to model air in the second 3D
model including the slab. In the case of contact explosions, the problem
was modeled from the beginning (explosive detonation) with a 3D
model and using an Euler Godunov processor.

The slabs were modeled using a Lagrange processor and 3D solid
elements while shell elements were used for the supports. Mesh re-
finement was carried out reducing mesh size in uniform meshes until
the differences in the results of the maximum vertical displacement of
the slab center and the deformed pattern were negligible. To avoid the
problem of erosion limit depending on mesh size a slab that does not
present failure or erosion was used for this study. Finally, an element
size of 5mm (110 X 110 X 10 elements) was used for the slab in all the
simulations.

Euler Lagrange interaction was defined between air and the slab and
the supports. The fully automatic Euler Lagrange coupling option in
AUTODYN was used for this purpose. This coupling algorithm finds the
intersection between the external faces of the interacting structures and
the cells and faces of the Euler grids. The Euler cells intersected by the
Lagrange interface act as a pressure boundary for the Lagrange grid
while the Lagrange grid acts as a flow constraint for the material in the
Euler mesh. Pressures are integrated over Lagrange surface areas to
obtain nodal forces. No friction between Lagrange and Euler parts is
considered.
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3.2. Material models

Concrete RHT model [30] in combination with p-a equation of state
(EOS) [31] was used for HSC and HSFRC. Based on experimental re-
sults, the effect of adding different steel fibers and fibers contents was
taken into account modifying the main parameters related to tension
and shear strength and ductility (failure strain) according to material
characterization tests. RHT model was originally developed for con-
crete so its use for HSFRC requires some analysis and it is not
straightforward if general usage rules are expected to be obtained. In
fact, the main objective of these simulations was to prove the ability of
RHT model to simulate HSFRC blast behavior, to analyze the effect of
steel fibers addition on material parameters and to discuss how the
different material parameters affect blast response.

p-a EOS [31] has been proved to be capable of representing well the
concrete thermodynamic behavior at high pressures and it also allows
for a reasonably detailed description of the compaction behavior at low
pressure ranges [32]. The equation of state of the fully compacted or
solid material is described with a polynomial function as,

P =Ap + AP + Asp® + (By + Bip)pge for u > 0 (compaction)
p = Tiu + Bu* + Bopye for 1 <0

=P _
K= !

(€8]

where p is the hydrostatic pressure, p is the density, p, is the initial
density (at zero pressure), e is the specific internal energy, u is the
relative volume change and A;, B; and T; are constants.

The EOS for the porous material is calculated substituting p by a
new variable a0, in Eq. (1). p, is the density of the porous material and
a, is the material “porosity” that can be defined as

ap = /P, 2

where p, and 0 refer to the density of the solid and the porous material
at the same pressure and temperature respectively. The following de-
finition is used in p—a EOS,
_ n
@) =1+ (“im‘z‘D(M)
Piock —Perush

3

where a;,; is the initial porosity of the intact concrete, p,,,, corresponds
to the pore collapse pressure beyond which concrete plastic compaction
occurs, py, is the pressure at which the concrete porosity «, reaches
unity and n is the compaction exponent.

The RHT strength model [30] is a combined plasticity and shear
damage model in which the deviatoric stress Y = /3J, is limited by a
generalized failure surface defined as

(V3R = Y (p*, 6, &) = Yo (013 (6) Fare (€) 4
Yo (p") = f, [A@" =Py Fate NN (5)

where f, is the uniaxial compression strength; A and N are material
constants; p* = p/f, is the normalized pressure and p;m” = f,/f., where f,
is the uniaxial tension strength; F.(¢) represents the dynamic ampli-
fication factor (DIF) as a function of strain rate €.

r o 20—¢?)cosd + (2—1)[4(1-P?)cos? 6 + 594y

@)= 4(1—9?)cos?0 + (1-20)? 6)
_3B3 5 ..
cos36 = 3 (12)3/2,¢—VC—Q+BQp ;05<P <1 o

J, and J; represent the second and the third invariants of the de-
viatoric stress tensor. The input parameter Q defines the ratio of
strength at zero pressure and the coefficient BQ defines the rate at
which the intersection of fracture surface with deviatoric planes tran-
sitions from an approximately triangular shape to a circular shape with
increasing pressure. F, takes into account the strain rate enhancement
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of the deviatoric strength [30]. Different expressions are used for
compression and tension with linear interpolation in the intermediate
pressure regime.

Compression
&) : 1.y = 1 P —6—1
P (E_O) for e<30st;a= ST o7s, Pl € = 30.107%
rate
y3/E for ¢ > 30571 ; logy = 6a—0.492 (8)
Tension
\8
£ : -1 .85— 1 L —6g—1
Fo = (5_0) for e<30s7t ;6= o705, pPal & = 3.107%
n¥/e for ¢ > 30s7! ; logn = 76—0.492 9)

a is the compression strain rate exponent and ¢ is the tension strain
rate exponent.

An elastic limit surface and a “hardening” slope are defined to re-
present strain hardening. The elastic limit surface is scaled down from
the fracture surface

Yetast = Y}ail (P* ) Eiast E"ap (P) (10)

Eus is the ratio of the elastic strength to failure surface strength
derived from two input parameters (elastic compression strength/f.)
and (elastic tensile strength/f;). The model presents the option of in-
cluding a cap to limit the elastic deviatoric stress under large com-
pressions.

1 forpgpu:%

Ep(p) = \/1_(P—Pu ’

Po —Pu for Pu<P<Po

0 fOV p z Po = Perush (11)

The pre-peak fracture surface is subsequently defined through in-
terpolation between the elastic and fracture surfaces as follows

&pl

Yhard = Yetast + P (Yfail_yélast)

-plpresoft

c _ Yfail — Yelast Gelas

plpresoft 3G Gelas — Gplax (] 2)
where the “hardening” slope —_Gdas_) j5 an input parameter.

Gelas — Gplax
A residual (frictional) failure surface is defined as,

Yesia = Bp*M (13)

where B is the residual failure surface constant and M is the residual
failure surface exponent, both input parameters.

Damage is assumed to accumulate due to inelastic deviatoric
straining (shear induced cracking) using the following relationships

Table 4
Material properties used for HSC and HSFRC EOS.

Equation of state: P alpha

Reference density [g/cm®] 2.75E+0
Porous density [g/cm®] 2.52E+0
Porous sound speed [m/s] 2.242E+3
Initial compaction pressure [kPa] 9.33E+4
Solid compaction pressure [kPa] 6.00E+6
Compaction exponent 3.00E+0
Solid EOS Polyn.
Bulk modulus 4, [kPa] 2.20E+7
Parameter A, [kPa] 3.958E+7
Parameter Az [kPa] 9.04E+6
Parameter By 1.22E+0
Parameter B, 1.22E+0
Parameter T; [kPa] 3.527E+7
Parameter T, [kPa] 0.00E+0
Compaction curve Standard
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Table 5
Material properties used for HSC and HSFRC strength model.
P L3o-40 Lso-80 Leo-40 Leo-80
Shear modulus [kPa] 1.65E+7 1.65E+7 1.65E+7 1.65E+7 1.65E+7
Comp. strength (f,) [kPal] 1.14E+5 1.14E+5 1.14E+5 1.14E+5 1.14E+5
Tens. strength (f;/f.) 4.50E—2 5.00E -2 9.90E—2 5.50E—2 1.03E—-1
Shear strength (f;/f.) 8.10E—2 9.00E—2 1.78E—-1 1.00E—-1 1.86E—1
Intact failure surface constant A 1.60E+0 1.60E+0 1.60E+0 1.60E+0 1.60E+0
Intact failure surface exponent N 6.10E—1 6.10E—1 6.10E—1 6.10E—1 6.10E—1
Tens./Comp. Meridian ratio (Q) 6.805E—1 6.805E—1 6.805E—1 6.805E—1 6.805E—1
Brittle to duct trans. 1.050E—2 1.050E—2 1.050E—2 1.050E—2 1.050E—2
G (elas.)/(elas.-plas.) 2.00E+0 2.00E+0 2.00E+0 2.00E+0 2.00E+0
Elastic strength/f; 7.00E—1 7.00E—1 7.00E—1 7.00E—1 7.00E—1
Elastic strength/f, 5.30E—-1 5.30E—-1 5.30E—1 5.30E—-1 5.30E—1
Frac. strength cons B 1.60E+0 1.60E+0 1.60E+0 1.60E+0 1.60E+0
Frac. strength exp. M 6.10E—1 6.10E—1 6.10E—1 6.10E—1 6.10E—1
Comp. str. rate exp. 0.011 0.011 0.011 0.011 0.011
Tens strain rate exp. 0.015 0.015 0.015 0.015 0.015
CAP on elastic surf? Yes Yes Yes Yes Yes
Failure: RHT concrete
Damage constant, Dy 4.00E—2 4.00E—2 4.00E—2 4.00E—2 4.00E—2
Damage constant, Dy 1.00E+0 1.00E+0 1.00E+0 1.00E+0 1.00E+0
Min. strain to failure 5.00E—-3 1.50E—2 4.00E—2 1.50E—2 4.00E -2
Residual shear mod. fraction 1.30E—-1 1.30E—-1 1.30E—-1 1.30E—-1 1.30E—1
Tensile failure Hydro tensile limit (pmin)
Erosion: instantaneous geom. Strain
Erosion strain 0.1 1.0 1.0 1.0 1.0
Only for contact blast on HSFRC. Elastic/failure: hydro tensile limit(pmin)
Erosion: Inst. Geom. Strain 0.5 0.5 0.1 0.1
D= j-osp :ffﬁl for ¢ {ail > E}nin with ¢ ’{"ail =Dy (p*— p;; ) D, All the. parameters used for plain concrete (HSC) .and HSFRC are
D presented in Tables 4 and 5. HSC and HSFRC compression strength and
D=[% d,;fn for €l < gpin elasticity modulus were obtained from static uniaxial compression tests.
o a4 According to the experimental results, the same value of compression

min

where D; and D, are material constants and g is the minimum strain
to failure. Damage accumulation can have two effects on the model:

e Strain softening (reduction in strength). The current fracture surface
(for a given level of damage) is scaled down from the intact surface

Y;mc[ = (I_D) Y;ail + DYrt’sid (15)
e Reduction in shear stiffness
Gfrac + (1_D)Gelas + DGiesia (16)

Geometric strain erosion model was used for HSC and HSFRC.
Erosion is initiated when geometric strain limit is reached

Eoff = (Seff)lim

Eoff = g\/sfx + &), + e2—(Enyy + e + EyEr) + 3(eh, + €5 + &)

strength was used for the five materials tested. For the fibers contents
used in these experiments, stiffness is not affected by the incorporation
of fibers, thus the same shear modulus was used for the five materials.
Tension strength and minimum strain to failure were indirectly ob-
tained from static flexure tests numerical simulation [33] and com-
parison with experimental results (Table 2). It is well known that fibers
addition improves the apparent tension strength of HSFRC. The incre-
ment in tension strength with fiber content is clear in Table 5. The
shear/compression strength ratio of HSFRC was scaled with the same
factor than tension/compression strength HSFRC. HSC presents brittle
failure. In accordance with the suggestion of Tu and Lu [32] a small
value (0.005) of minimum strain to failure was obtained for HSC.
Nevertheless, it should be observed that in the case of brittle failure this
value is not a material property but depends on the mesh size. HSFRC
presents a more ductile flexure response and this fact is evident in the
values of minimum strain to failure obtained from calibration of flexure
tests. In RHT model, the tensile behavior of the material is described by

17) a plasticity-damage tensile failure model (see Egs. (14) and (15)). Some
\ 15m _100m _,
20 ! ‘
Sensor.

E 15 —— Experimental results 1.54 kg of explosive — >~
_;: --- Numerical results 1 kg of TNT = ' s
o 10 Explosive
3
?
4 5
o
2o
(@]

Fig. 2. Pressure time-history at 15 m from the explosive. Comparison of experimental (1.54 kg of explosive) and numerical (1 kg TNT) results.
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Fig. 3. Experimental results and numerical simulation of P slabs blast tests.

papers [32,34] have pointed out the limitations of this model for con-
crete tensile behavior and probably it also presents limitations for
HSFRC. The shape of the tension strain softening curve surely can affect
the results but its effect is stronger on the time history response than on
the damage patterns analyzed in this paper. Further research is needed
concerning the proper strain-softening model for HSFRC.

Although some tests have been made to evaluate the response of
HSFRC and the fibers contribution under high strain rate, the results are
still contradictory [5]. There is not enough information concerning the
role of fibers in the dynamic response of HSFRC at high strain rates
[35,36]. Strain rate dependency was modeled using standard DIF
functions available for plain concrete [28,30]. The values of the strain
rate exponents were calculated as a function of the compression
strength and they are presented in Table 4. Erosion limits were cali-
brated to reproduce experimental result from blast tests, they are in-
cluded in Table 4 and they will be later discussed. Standard values for

Face Front

Test 1

Test 2

Test 3

HSC [28] were used for the rest of the parameters of HSC and HSFRC
and they are also included in Tables 4 and 5.

The soil was modeled as an elastic medium. Johnson - Cook model
was used for the high strength steel supports.

4. Results and discussion
4.1. Experimental results

The overpressure recorded in a pressure sensor located at 15 m from
an explosion of 1.54kg of explosive elevated 1.0 m over the ground
[36] is presented in Fig. 2 as illustration.

A general view of the damage patterns produced by the different
blast tests (types 1, 2 and 3) on front and rear face of the slabs of each
concrete are presented in Figs. 3-7. The experimental results are
compared with the numerical simulations of each test.

Rear

Fig. 4. Experimental results and numerical simulation of L3o-40 slabs blast tests.
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Fig. 5. Experimental results and numerical simulation of L3,-80 slabs blast tests.

When a blast load is detonated close to a concrete slab it produces a
shock wave that acts on the slab front surface producing high triaxial
compression stresses that may cause material local failure [16] char-
acterized by a crater. Part of the blast wave energy is reflected and the
other part is propagated through the slab thickness. When this wave
reaches the rear surface, a new reflection of the compression wave
occurs originating a tension rebound from the rear face that can cause
concrete spalling and particle ejection at the rear face. Theoretical
analysis of the spall damage is quite complex. If the explosive is deto-
nated at a greater distance, it could cause flexure failure. If the stand-off
distance is reduced a localized punching shear failure can take place
before the slab can respond in flexural mode. The blast tests results
clearly show these different types of concrete failure and the effect of
the addition of fibers.

In all tests performed on plain concrete brittle flexure failure of the

Face Front

Test 1

Test 2

Test 3

slabs was observed regardless of the explosive mass and stand-off dis-
tance (see Fig. 3). Some of the slabs fragments had flown out and were
lying in the surroundings of the slabs supports. The slabs were com-
pletely split in many parts by diagonal fractures. It is also observed that
additional fractures appeared near slab corners that were prevented to
move by the angles at the steel support corners. Circular fractures ty-
pical of clamped plates were also developed (see the reconstructed slabs
in Fig. 3). The flexure failure of these slabs, even under small contact
blast loads, is explained by the reduced slab thickness and the brittle
nature of HSC that was also evidenced in the quasi-static beams re-
sponse. In the case of blast Test 1 that corresponds to a small contact
explosion, flexure failure of plain concrete slab is accompanied by an
important concrete spalling at the rear face that reaches the front face.
The slab was completely perforated by the blast load, see Fig. 3.

The damage patterns obtained for HSFRC slabs were strongly

Rear

Fig. 6. Experimental results and numerical simulation of Le-40 slabs blast tests.
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Rear

Fig. 7. Experimental results and numerical simulation of L60-g, slabs blast tests.

Table 6
Dimension of damage area for contact blast.

Results Slab P L3p-40 L30-80 Lgp-40 Leo-80

Crater diameter Experimental Fractured 35 32 55 48
[mm] Numerical 60 40 30 60 45

Spalling diameter Experimental 245 70 25 163 150
[mm] Numerical 200 65 40 150 140

Fig. 8. Eroded zone at front face of slabs L3o-80 and Lgo-80 after blast Tests 1.

different from those of P slabs. No HSFRC slabs tested under contact
explosions (blast Test 1) exhibited flexure failure and they preserved
integrity after the tests (see Figs. 4-7). Flexure cracks can hardly be
identified. The front faces of the slabs presented a small eroded zone
like a crater produced by the high pressures originated by the detona-
tion of the explosive in contact with concrete.

The dimensions of the craters are presented in Table 6. Zooms of the
eroded zone of slabs L3(-80 and Lgp-80 after blast Tests 1 are presented
in Fig. 8. In the case of L3¢-80 the damage is superficial while in Lgy-80
the fibers can be identified showing that some of the hooks have been
straightened. The crater dimensions were reduced when fiber content
was increased. However, only a slight reduction of crater dimensions
was obtained for fibers L3, when doubling the fiber volume content but
the reduction was greater for longer fibers. This result confirms that
0.5% of fibers L3, content is enough to control cratering. On the other
side, all HSFRC slabs subjected to contact explosions presented rear face
concrete spalling. Slabs containing fibers Lzo (shorter fibers) exhibit
smaller craters on front face and spalling on rear face than slabs with
fibers Lgo with the same fiber content. The spalling zone at the rear face
of slabs L3p-40 and L3,-80 was not completely separated from the slabs.
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These results show that for the same fiber content, shorter fibers are
more efficient controlling concrete cratering and spalling than longer
fibers. This effect can be partly attributed to the fact that for the same
fiber content fibers L3, density is greater. Residual deflection of HSFRC
slabs under contact blast loads could not be appreciated; all HSFRC
slabs remained almost plane.

In blast Test 2 slab P was fractured while L3o-40 and Lgy-40 slabs
presented flexure cracks at the rear face and slabs L3,-80 and Lgo-80
exhibited almost imperceptible flexure cracks, (see Figs. 4-7). Diagonal
cracks were evident on rear face of slabs L3y-40 and Lg-40 and, in spite
of them, the slabs preserved their integrity as fibers crossing the cracks
prevented their opening. These cracks are flexure cracks and were
evidently caused by the positive phase of the blast wave acting on the
front face. Negative phase of the blast wave, that is always smaller than
the positive phase, was not enough to crack the front face. The direct
pressure acting on the front face produced erosion in a reduced zone
while a bigger spalling zone was created in the rear face. Both damaged
zones were smaller than those produced by the contact explosion. In
contrast with Lgo-40, slab L3y-40 did not exhibit either crater or spalling
showing the greater effect of shorter fibers controlling these types of
damage. The same explosion type only produced almost imperceptible

Table 7
Maximum cracks widths and residual deflections measured on HSFRC slabs.
Slab Test 1 Test 2 Test 3
L30-40 Front face 0.1 mm — Fractured
Rear face 0.2mm 1.4mm Fractured
Lateral sides 0.1 mm 0.2mm Fractured
Max. residual deflection — 2mm > 170 mm
L30-80 Front face 0.05 mm — 0.1 mm
Rear face 0.1 mm 0.2mm 3.5mm
Lateral sides — 0.1 mm 1.5mm
Max. residual deflection — 2mm 5mm
Lgo-40 Front face 0.1 mm 0.1 mm 3mm
Rear face 0.3 mm 2.5mm 10 mm
Lateral sides 0.1 mm — 2mm
Max. residual deflection — 5mm 27 mm
Leo-80 Front face 0.1 mm — 0.1 mm
Rear face 0.1 mm 0.2mm 4mm
Lateral sides — — 1.5mm
Max. residual deflection — — 9.9mm
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cracks on slabs incorporating 80 kg/m? of fibers, and these slabs did not
exhibit crater or concrete spalling at rear face. These results confirm the
benefits of increasing the fiber content on flexure crack and spalling
control.

For the case of blast Test 3 corresponding to a smaller scaled dis-
tance than blast Test 2, all slabs exhibited flexure cracks. While slabs P
and L3-40 were fractured, Lgyp-40 presented wide flexure cracks con-
trolled by the fibers on both faces of the slab. The comparison of these
responses suggests that longer fibers are more efficient controlling
flexure cracks than shorter fibers.

Slabs incorporating 80 kg/m> of fibers presented very thin flexure
cracks on the front face and preserved its integrity. The cracks on Lgy-80
rear face were much thinner than those in Lgo-40. Moreover, the small
crater observed in slab Lgo-40 did not appear in Lg-80. The advantage
of fiber addition is again evident in these results. The permanent de-
flection of slab Lgo-40 can be clearly identified on the front face where
circular cracks produced by the clamping effect of the supports can also
be observed.

Table 7 summarizes the maximum cracks widths measured on
HSFRC slabs differentiating the front, rear and lateral faces of each blast
test. The maximum slabs residual deflection is also included.

4.2. Numerical results

First, in order to verify the TNT equivalence of the explosive used in
the tests, the propagation of the blast wave resulting from an explosion
of 1.54 kg of explosive elevated 1.0 m over the ground was numerically
simulated. According to the TNT equivalence given by the explosive
provider, this amount of explosive corresponds to 1.0 kg of equivalent
TNT. The pressure time history numerically obtained for 1.0 kg of TNT
is compared to the pressure time-history recorded in a sensor located at
15m from the explosion in Fig. 2 [37]. The slight differences found
between numerical values of peak pressure and duration of the positive
phase obtained with the nominal TNT equivalence and experimental
values confirm that the TNT equivalence of 0.65 is correct.

Once the TNT equivalence was verified, the tests of P slabs were
reproduced to calibrate the erosion limit of HSC [38]. It is generally
recommended to use erosion limits as great as possible. It is noted that
for flexure failure, when the erosion limit is increased above certain
value, the only difference in the numerical results is the aspect of the
deformed structure. But this is not the case of spall damage and cra-
tering.

A good agreement between numerical and experimental final da-
mage patterns was obtained for an erosion limit of 0.1 for P slabs under
blast Tests 1 to 3, see Fig. 3. Not only fractures but also spalling damage
are approximately reproduced with this erosion limit that is in the
range of the values normally used for concrete and is much greater than
the minimum strain to failure. Numerical results in blast Test 1 show
the damaged slab on the support. Nevertheless, if the numerical simu-
lation is continued some of the slab pieces will probably fall down due
to gravitational effects. In contrast, in the case of blast Tests 2 and 3, the
numerical results show the slab pieces lying on the ground and the slabs
are evidently more damaged in the case of blast Test 3 than in the case
of blast Test 2. The diagonal fractures observed in the tests are nu-
merically reproduced.

The numerical results of HSFRC slabs are presented in Figs. 4-7. It is
observed that for the blast Tests 2 and 3 the values of tensile strength
and minimum strain to failure obtained from the static tests were used
and the erosion limit was adjusted as indicated in Table 5 to reproduce
the experimental damage patterns. As a rule, the minimum strain to
failure controls the appearance of macro cracks and the erosion limit
defines total fracture. Due to fibers contribution, both values are greater
than those corresponding to HSC. However, while minimum strain to
failure increases with fiber content, the erosion limit remains constant.
Although the fibers L30 and L60 are different they have similar slen-
derness, thus the same values of minimum strain to failure were
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obtained from static tests of HSFRC with the same fiber content and the
same value of erosion strain was calibrated for the HSFRC including
fibers L30 and L60.

A good agreement between numerical and experimental results was
obtained. The numerical simulations showed that slab Lgy-40 did not
fail in blast Test 3 but was near failure. The difference observed with
slab L30-40 that failed in blast Test 3 was probably due to a slight dif-
ference in the effective fiber content or fibers distribution.

In all cases, blast Test 1 (contact explosion) on HSFRC slabs could
not be reproduced using RHT model with the parameters presented in
Tables 4 and 5. This is because these parameters affect flexure fracture,
cratering and spalling and it was already observed that the effectiveness
of long fibers to control fracture is greater than the ability to control
spalling and cratering. Different trials showed that the results obtained
for HSFRC slabs under contact blast loads were better reproduced
considering an elastic brittle behavior. The results in Figs. 4-7 for blast
Test 1 correspond to an elastic brittle behavior with failure defined by
hydrotensile limit (minimum pressure: pmin) affected by the dynamic
amplification (DIF) defined by Eq. (9). The corresponding parameters
are presented in Table 5. It is observed that while the erosion limit used
for Leo-40 and Lgp-80 was the same used for HSC, a greater value was
used for L3-40 and L3,-80. For these parameters, the dimensions of the
crater and spalling areas obtained are presented in Table 6 and most of
them are similar to those experimentally observed. Like in the blast
tests, a spalling zone not completely separated from the slab rear face is
numerically obtained for slabs L3y-40 and L3,-80. The better perfor-
mance of the elastic model only including hydrotensile failure suggests
that the dynamic amplification (DIF) defined by Egs. (8) and (9) in RHT
concrete model was not enough to represent dynamic strength ampli-
fication of HSFRC for very high strain rates like those appearing in these
contact blast experiments [39].

5. Conclusions

The effect of incorporating different contents of hooked-end high
carbon steel fibers of different lengths in a HSC matrix on blast response
was experimentally and numerically studied. The following conclusions
can be drawn.

The incorporation of fibers, not only increases residual loading ca-
pacity and toughness under static loads but also significantly improves
blast behavior. Flexural crack thickness, erosion and spalling zones
dimensions and permanent deflections are reduced with the increase
fiber content.

The addition of hooked end fibers to HSC changes the blast response
and the type of damage and failure of the slabs, preserving their in-
tegrity. Fibers help to control flexural cracks sewing their lips.
However, the effectiveness of fibers controlling the erosion produced by
triaxial compression or tension stress states that disintegrate the matrix
leading to cratering or matrix spalling is lower.

For the same fiber content, shorter fibers lead to a greater im-
provement of the matrix behavior and they are more effective con-
trolling cratering and spalling as there are more fibers per unit volume.

The effect of fibers controlling concrete cratering and spalling under
contact or close in explosion is not easy to predict using simplified
formulas available in the literature. Moreover, it was observed that it is
related not only to the fiber content but also to their geometry. In
contrast with the observations of other authors, the spalling strength
improvement due to fiber addition cannot be directly associated with
fracture energy improvements obtained by the addition of fibers.

The response time of the plates was not recorded because it was the
first series of tests on these materials and it was expected that most of
the slabs fail damaging the accelerometers. Now, that the blast re-
sistance of HSFRC plates has been checked a series of tests including the
response time records of the plates can be performed.

The numerical simulations show that homogeneous models are not
able to reproduce HSFRC behavior under the whole range of scaled
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distances studied in this paper. It is not easy to calibrate concrete
models to accurately reproduce flexure failure, cratering and spalling.
The calibration performed for the numerical simulations had the only
objective of understanding the effect of fibers on material behavior
under blast loads. Available tests are not enough to completely calibrate
a dynamic HSFRC model. The accurate modelling of HSFRC under
contact blast loads requires further study. Nevertheless, some conclu-
sions can be obtained from the numerical simulation presented.

It was confirmed that near explosions failure is controlled by ma-
terial properties related to flexure strength and deformation capacity
that mainly depend on fiber type and content. For the fibers studied in
this paper, erosion value used to represent fracture failure of HSFRC
with more than 0.5% fibers content can be taken as 10 times that of the
matrix and it is the same for the same fibers slenderness.

For contact explosions, due to the very high loading rates, HSFRC
behaves like an elastic brittle material with improved strength but
erosion limit should be less than that used for flexure failure. When the
matrix is eroded, the fibers are loose and cannot longer contribute to
the composite strength. If the fibers are too long like fibers Lgo they
cannot prevent matrix erosion so the same erosion limit of the matrix
should be used. Shorter fibers are better at improving the matrix and in
correspondence, the erosion limit for HSFRC including shorter fibers is
greater than that of the matrix but lower than that used for flexure
failure. As in the case of fracture failure, erosion limit can be taken
constant for fibers contents greater than 0.5% in volume.

It should be emphasized that erosion algorithms and limits cali-
brated with damage patterns for the particular HSC and HSFRC pre-
sented in this paper should be taken as an orientation. One cannot yet
rely on predictions of dynamic behavior using these algorithms and
erosion values. More research should be done in this area.
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