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Abstract. High Strength Fibre 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. An exper-
imental and numerical research carried out with the objective of developing
design criteria for HSFRC use in protective structures construction is presented.
The mechanical behaviour of HSFRC elements under extreme loads is experi-
mentally and numerically analysed. Numerical models represent useful tools for
the design of this type of HSFRC applications but they should be carefully
calibrated and validated with experimental results. HSFRC prisms and slabs
including different types of hooked-end steel fibres are tested under static, blast
and impact loads. Material models at the meso and the macro scale are devel-
oped, they are calibrated with characterization tests and validated with experi-
mental results. Experimental results are analysed with the aid of numerical
models showing the effect of fibre type and content under extreme load.
Numerical models are able to reproduce the blast and impact tests results and
give additionally information about the local and structural response under
impulsive loads that could be valuable for the design of protective structures.
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1 Introduction

Many researchers have proven that HSFRC has an improved behaviour with respect to
conventional concretes under low and high-speed dynamic loads. These advantages
make it suitable for the construction of new strategic structures or for the repair and
reinforcement of existing structures against impact loads or explosions. However, the
use of these materials in protective structures is still a challenge. The complexity of the
behaviour added to that of impact and impact with penetration require a deep
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knowledge about the behaviour of the material. Moreover, robust prediction tools that
allow to reproduce the behaviour under this type of actions are needed for the proper
design of HSFRC elements.

Several types of tests are normally used to study the behaviour of concrete and fibre
reinforced concrete (FRC) under impact loads. Drop weight and pendulum impact tests
are used to produce impact at relatively low strain rates while Split Hopkinson Pressure
Barr tests and blast tests are usually performed to produce high strain rate loads [1].
The present knowledge about fibre reinforced concrete dynamic behaviour [2—4] under
high strain rates is still limited and there are still some contradictory results [5]. Tensile,
compressive and flexure strength increase with strain rate while toughness and post-
peak ductility are absent or reduced at high strain rates [1]. It was also proved that
tensile and compressive strengths, energy absorption, fracture toughness and impact
resistance increase with steel fibre content [1].

Some results about the behaviour of fibre reinforced concrete elements under blast
loads have been published [6—8] but experimental results concerning HSFRC and ultra-
high performance fibre reinforced concrete (UHPFRC) elements under close or contact
explosions are still very scarce [9, 10] and it is not possible to accurately predict
spalling damage [9] using available empirical methods [11].

HSFRC elements under blast loads have shown benefits in damage control,
accelerations and displacements when compared to conventional concrete elements.
UHPFRC elements have also presented higher ductility, lower permanent deformation,
higher load bearing capacity, crack control and greater ability to absorb energy without
fragmentation [12, 13] than conventional concrete panels. Blast resistance increases
with the increase of fibre volume and it was shown that different types of steel fibres
have similar effects improving blast strength. Fibres help controlling concrete spalling
and crack propagation [14]. The panels are less likely to fail presenting higher strength
and extension of damage than conventional concrete specimens [15].

Available constitutive models for the simulation of FRC and composites can be
classified in macro and meso models. Macro models simulate the behaviour of the
composite using an equivalent homogeneous model with average properties. Consti-
tutive laws are directly derived from tests results. The main advantage of this type of
models is that they use information that is relevant at the structural scale. As a
counterpart, they require large number of tests considering different fibres contents and
types of loads since the fibres are not explicitly taken into account. Some of these
problems can be avoided using meso-models that take into account the material
components: concrete matrix, fibres and sometimes fibre/matrix interface [16—19]. This
type of models has three key issues: the derivation of the fibres sewing forces through
cracks, the model used for the concrete matrix and the way in which the composite
behaviour is obtained from the components. The models differ in the way in which
these three aspects are derived and combined.

Sewing forces through cracks can be obtained from pull-out tests or using meso-
models [16, 20]. The fibres are explicitly modelled in some meso-mechanic approaches
using different types of discrete elements [21].

Except for a few models [13, 22], most of the meso-models have been developed
and calibrated under static loads and are not suitable to simulate dynamic behaviour
because they don’t take into account strain rate effects.
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The behaviour of HSFRC elements under impact and blast loads is frequently
simulated with explicit codes like using concrete macro-models [23-25]. The cali-
bration of these models is not a simple task. The use of meso-models to analyse fibres
contribution and the effect of fibres geometry on mechanical properties can contribute
reducing the required number of tests to calibrate these homogeneous models.

An experimental and numerical research carried out with the objective of devel-
oping design criteria for HSFRC and numerical simulation tools is presented in this

paper.

2 Experimental Tests

Experimental tests consisting on blast tests on slabs and impact tests on beams were
performed in order to study de behaviour of HSFRC under extreme loads and the effect
of fibres type and content on the corresponding response.

2.1 Materials and Mixtures

Five High Strength Concretes were used for the experimental study: a plain concrete
(P) and four HSFRCs varying the fibre length and the fibre dosages. All concretes were
prepared using the same base self-compacting matrix. Ordinary Portland cement
(730 kg/m3), silica fume (73 kg/m3), calcareous filler (48 kg/m3), natural siliceous
sand (490 kg/m®) and 12 mm maximum size granitic crushed stone (860 kg/m®) were
used as component materials. A set retarding plasticizer (1 kg/m’) and a high range
water reducer (8.9 kg/mB) were used as chemical admixtures. The water/(ce-
ment + silica fume) ratio was equal to 0.24.

Two types of hooked-end high carbon steel fibres (L30 and L60) with different
lengths (30 and 60 mm) and diameters (0.38 and 0.75 mm respectively) were added to
HSFRC. The tensile strength of the fibres was over 2500 MPa. Two fibres contents
were used 40 and 80 kg/m>. HSFRC are identified with the name of the fibre followed
by the fibre content (L30-40, L30-80, L60-40, L60-80).

To evaluate the compressive strength [26] and the static elastic modulus [27]
100 mm x 200 mm cylinders were cast. Mean values of 114 MPa and 40 GPa were
obtained for the compression strength and the elastic modulus respectively.

Prisms of 430 mm x 50 mm x 105 mm with a notch of approximately 19 mm in
the central section were used for static bending characterization [28]. They were tested
under three points loading. The crack mouth opening displacement (CMOD) was
registered. After the tests, specimens were separated in two parts and the fibres crossing
the central section were counted. In all cases, fibres were pulled out without failing.

Additionally, 40 pull-out tests of each type of fibres, including some straight fibres
(cut hooked-end), were performed. The fibres were aligned with the load and the
embedded length was half the fibre length. The pull-out rate was varied from 0.017 to
8.33 mm/s obtaining similar responses for the different velocities [29].

All the specimens were cured 28 days in moist room and then stored at the labo-
ratory environment during four months until the characterization, blast and impact tests
were performed.
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2.2 Blast Tests

Square slabs of 550 mm side and 50 mm thickness were tested under blast loads. They
were supported on a highly reinforced steel frame leaving a free span of 460 mm.
Three different types of blast tests were performed on the slabs varying the explosive
masses and stand-off distances. In all cases, the explosive had cylindrical shape and the
detonator was located in the centre of the upper surface. In Test 1 49 g of equivalent
TNT were led on the slabs while in Tests 2 and 3 the explosive was supported on an
expanded polystyrene block over the slabs. For Tests 2 and 3, 244 g and 488 g with a
height of the explosive gravity centre over the slabs of 0.2525 m and 0.2725 m were
used respectively. More details about the blast tests can be found in Refs. [29] and [30].

2.3 Impact Tests

Prisms of 430 mm x 75 mm X 105 mm of P, L30-40 and L30-80 were used for drop
weight impact tests. The prisms were mounted with 320 mm of free span in the drop
weight machine illustrated in Fig. 1 where the different parts are indicated.

The projectile consisted of a 16 mm thick, 304 mm long, 5182 g steel plate with a
semi-cylindrical tup at the bottom end. Fall heights were varied between 33 mm and
1000 mm. Due to limitations of the measurement equipment range, the accelerations on
the bottom of the beam were measured for fall heights up to 100 mm, and the impact
force could be measured for heights up to 429 mm. For greater heights, only the crack
opening, the beam deflection and the damage pattern were registered. A piezoelectric
load cell (PCB, 203 model) was used to record the impact force. An accelerometer
(PCB, 353 B03 model) was used to measure accelerations. Both devices were con-
nected to a signal conditioner (PCB, 482C05 model), which, in turn, was connected to
two signal acquisition boards (Measurement Computing, USB-1608FS model). The
signal acquisition rate was 50 kHz.

D

Fig. 1. Impact test setup. (1) Projectile, (2) metal plates, (3) load cell, (4) metal bar that fixes the
specimen to the support, (5) metal rod that links the metal bar and metal supports, (6) metal
supports, (7) accelerometer, (8) HARRF beam, (9) projectile side view and (10) projectile semi-
cylindrical tup.
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3 Numerical Models

The numerical simulation of HSFRC slabs under blast loads and HSFRC was per-
formed with hydrocodes using concrete macro-models calibrated to reproduce the
behaviour of HSFRC with different types and contents of steel fibres. A meso-model
developed by the authors [18] was first used in order to obtain the parameters required
for the macro-models.

3.1 Meso-Model for HSFRC

A meso-model was used to obtain the properties [19] for the homogeneous equivalent
models available in hydrocodes for the simulation of HSFRC elements under blast and
impact loads. HSFRC is assumed as a composite material made of a high strength
concrete matrix with dispersed fibres oriented in a finite number n of discrete orien-
tations. A modification of classical mixture theory is used to take into account ortho-
tropic behaviour of fibres and their slip respect to the matrix in a simplified way [18].
Concrete matrix is modelled with an elastoplastic model [31] and steel fibres are
assumed as orthotropic elastoplastic inclusions that can debond and slip from the
matrix. Constitutive equations of fibres are modified in order to include this inelastic
phenomenon without explicitly modelling the interface. The model requires concrete
properties, fibres material, geometry, distribution and orientation as input data. The
fibres bond-slip behaviour is obtained from a pull-out model [30]. The strain rate
dependence is explicitly taken into account in the constitutive models of the compo-
nents. The model was proved to accurately simulate the 2D static behaviour of steel
fibre reinforced concrete [18] and UHPFRC under high strain rates [19].

First, pull out tests of straight fibres obtained from both fibres used were numeri-
cally simulated. In this way, the sliding threshold, the residual tangential strength and
the friction coefficient were calibrated. Then, the load-displacement curves for hooked-
end fibres were numerically reproduced with the pull-out model. The results for aligned
fibres are presented in Fig. 2 where a good agreement between numerical results and
average experimental response is observed.

P beams results were used to calibrate concrete tension strength and fracture
energy. Then, the flexure response of HSFRC notched beams with different fibres
contents was simulated with the meso-model described and compared with experi-
mental results in order to check the model validity. The fibres were supposed to be
located in vertical planes, 40% in axial direction, 30% at 60° and 30% at -60°. This fibre
distribution is only valid for these beams and should be approximated in correspon-
dence with the actual fibre distribution in other cases. The pull-out responses for
different fibre orientations were obtained with the pull-out model. As illustration, the
flexure responses of HSFRC with different contents of fibres L60 are shown in Fig. 3.
These fibre contents correspond to the actual fibre contents verified after the tests.

Once the material properties and the model were validated, compression and ten-
sion response curves for the different HSFRC were obtained. These curves were used
as input data for the macro-models.
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Fig. 3. Flexure tests. a) P, b) L60-0.25%, c) L60-0.5%, d) L60-0.75%.

3.2 Numerical Simulation of Blast Tests

Blast tests were numerically modelled with AUTODYN [32]. The model consisted of
the air volume, where the slabs were immersed and the blast wave was generated and
propagated, the slabs and the support. 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 [32]; The problem was
modelled from the beginning (explosive detonation) with a 3D model and using an
Euler Gudunov processor. A Lagrange processor with 3D brick elements of 5 mm side
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was used for the slabs while shell elements were used for the supports. Euler Lagrange
interaction was defined between air and the slab and the supports.

Concrete RHT model [33] in combination with p-a equation of state (EOS) was
used for HSC and HSFRC. Based on previous numerical results, the effect of adding
different steel fibres and fibres contents was taken into account modifying the main
parameters related to tension strength and ductility (failure strain and erosion limit).
More details about this calibration can be found in Ref. [30].

3.3 Numerical Simulation of Impact Tests

The numerical simulation of impact tests was performed with LS-Dyna [34]. All ele-
ments except for the metallic rods were simulated using brick elements (ELFORM 1)
of 5 mm for the beam and the supports and 3 mm side for the projectile and load cell.
Truss elements were used for the rods.

K&C model [35] calibrated using the described meso-model was used for HSC and
HSFRC. Basically, the parameters of the compression and tension hardening curves for
the different fibres contents were obtained. A penalty formulation (soft 0) was used for
contact and friction was taken into account. Rayleigh damping with parameters
obtained from calibration with experimental results was considered.

4 Experimental and Numerical Results

4.1 Blast Tests Results

The damage patterns on front and rear face of some of the slabs after blast Tests 1 and 3
are shown in Figs. 4 and 5 where numerical results are also included for comparison.
The rest of the results can be found in Ref. [30].

Face Front Rear

L30-40

L30-80

Fig. 4. Experimental results and numerical simulation of blast Test 1.
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Fig. 5. Experimental results and numerical simulation of blast Test 3.

In all tests performed on plain concrete brittle flexure failure of the slabs was
obtained due to the reduced slab thickness and the brittle nature of HSC. An important
concrete spalling at the rear face that reaches the front face was observed for contact
explosion (Test 1). The damage patterns obtained for HSFRC slabs were strongly
different from those of P slabs. No HSFRC slab tested under contact explosions (blast
Test 1) exhibited flexure failure and they preserved integrity after the tests (Fig. 4).
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 detonation of
the explosive in contact with concrete. The crater dimensions were reduced when fibre
content was increased but only a slight reduction of crater dimensions was obtained for
fibres L30 when doubling the fibre volume content. Slabs containing fibres 130 (shorter
fibres) exhibit smaller craters on front face and spalling on rear face than slabs with
fibres L60 with the same fibre content showing that for the same fibre content, shorter
fibres are more efficient controlling concrete cratering and spalling than longer fibres.

In blast Test 2 slab P was fractured while L30-40 and L60-40 slabs presented
flexure cracks at the rear face and slabs L.30-80 and L60-80 exhibited almost imper-
ceptible flexure cracks. Erosion in a reduced zone was observed in the front face while
a bigger spalling zone was created at the rear face. In contrast with L60-40, slab L30-40
did not exhibit either crater or spalling showing the greater effect of shorter fibres
controlling these types of damage. Increasing the fibre, content flexure cracks and
spalling zone were reduced.

For the case of blast Test 3 (Fig. 5). slabs P and L30-40 were fractured but L60-40
presented wide flexure cracks suggesting that longer fibres are more efficient control-
ling flexure cracks than shorter fibres. As in the rest of the blast tests, fibres were
pulled-out without failing in all cases.

A good agreement between numerical and experimental final damage patterns was
obtained but the numerical simulations show that homogeneous models are not able to
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reproduce HSFRC behaviour under the whole range of scaled distances to reproduce
flexure failure, cratering and spalling [30].

4.2 Impact Tests Results

Only P and HSFRCs with the shorter fibres have been tested under impact loads until
now. The comparison of numerical and experimental results for two fall heights H on
L30-80 beam are presented in Fig. 6. It can be observed that numerical acceleration
peaks (a_max = 474 g, a_min = —400 g) are greater than those registered in the tests
(a_max = 377 g, a_min = —334 g). Nevertheless, the envelopes of both records are
similar. The impact forces histories are satisfactorily reproduced

60 60,
—_ 400 —— — Exper — — Exper . —Exper
28 —Numer E — Numer E m —Numer
‘5 200 t < 40 =40
= <
g = .
+§ ° § 20 § 20, J \k\
i VAN Y
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a) Time [ms] b) Time [ms] c) Time [ms]

Fig. 6. Impact (L30-80 beam) a) Acceleration H = 33 mm b) Load H =33 mm c) Load
H = 300 mm.

The permanent deflections numerically obtained for the first impact and those
registered in the tests for three consecutive impacts from the same height are presented
in Fig. 7 for two fibres contents. The results for each height correspond to a different
specimen. For all the heights above 100 mm the fibres were pulled-out without failing.
The deflections for the first impact are well reproduced by the numerical model. The
comparison of Figs. 7a and b shows the deflection are reduced when the fibre content is
increased but the effect is more important for the repeated impacts.
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T X1stimpact (exper.) ¥ — X1st impact (exper.)
=) .
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Fig. 7. Deflections a) Beam L30-40 b) Beam L30-80.
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5 Conclusions

The effect of incorporating different contents of hooked-end high carbon steel fibres of
different lengths in a HSC on blast and impact response was experimentally and
numerically studied. The following conclusions are only valid for the particular con-
crete composition chosen for the testing. Different casting techniques or mix designs
could result in different fibre behaviour.

e The incorporation of fibres, not only increases residual loading capacity and
toughness under static loads but also significantly improves impact and blast
behaviour. Flexural crack thickness, erosion and spalling zones dimensions and
permanent deflections are reduced with the increase fibre content.

e For the same fibre content, shorter fibres lead to a greater improvement of the matrix
behaviour and they are more effective controlling cratering and spalling.

e Numerical models developed are able to approximately reproduce static, blast and
impact behaviour but further development should be performed mainly related to
erosion criteria and limits since it is difficult to reproduce cater and spalling under
blast loads and fracture under impact loads with the available erosion models.
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