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ABSTRACT

High Strength Fibre Reinforced Concrete (HSFRC) presents great advantagesowipaned with
conventional concrete under static loads and thus, it constitygesmasing material to withstand
extreme loads. An experimental and numerical research carried out aitihjéctive of developing
design criteria for HSFRC use in protective structures construction is preséhéanechanical
behaviour of HSFRC elements under extreme loads is experimentally araticaliy analyed
Numerical models represent useful tools for the design of this typkSBRC applications but they
should be carefully calibrated and validated with experimental resd85RC prims and slabs
including different types of hooked-end steel fibres are tested undier btast and impact loads.
Material models at the meso and the macro scale are developeatetbaiibrated with characterization
tests and validated with experimental results. Experimental results areseghaljth the aid of
numerical models showing the effect of fibre type and content @xtiemme load. Numerical models
are able to reproduce the blast and impact tests results and givenadlglititdormation about the local
and structural response under impulsive loads that could be valuable=fdedign of protective
structures.
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1. INTRODUCTION

Many researchers have proven that HSFRC has an improved behaiffouespect to conventional
concretes under lownd high-speed dynamic loads. These advantages make it suitabthefor
construction of new strategic structures or for the repair and reinforcefrexigting structures against
impact loads or explosions. However, the use of these materials intipetsituctures is still a
challenge. The complexity of the behawi added to that of impact and impact with penetration require
a deep knowledge about the behaviour of the material. Merembust prediction tools that allow to
reproduce the behaviour under this type of actions are néadée proper design of HRE elements.

Several types of tests are normally used to study the behatimanarete and fibre reinforced concrete
(FRC) under impact loads. Drop weight and pendulum impact tests ard¢oupeaduce impact at
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relatively low strain rates while Split Hopkinson Pressure Barr tests kst tests are usually
performed to produce high strain rate lofijsThe present knowledge about fibre reinforced concrete
dynamic behaviouf2-4] under high strain rates is still limited and there are still some contradictory
resultg5]. Tensile, compressive and flexure strength increase with strain rateovgliess and post-
peak ductility are absent or reduced at high strain rates [1].dtals proved that tensile and
compressive strengths, energy absorption, fracture toughness aud iegistance increase with steel
fibre contenf{1].

Some results about the behaviour of fibre reinforced concrete etemaater blast loads have been
published [68] but experimental results concerning HSFRC and ultra-high performanae fib
reinforced concrete (UHPFRC) elements under close or contact exglasestill very scarce [9]

and it is not possible to accurately predict spalling damage [9] ugitilglzle empirical methods [11

HSFRC elements under blast loads have shown benefits in damage caotelgrations and
displacements when compared to conventional concrete elements.RCHEIEments have also
presented higher dubity, lower permanent deformation, higher load bearing capacdgk control
and greater ability to absorb energy without fragmentatiorilfl2han conventional concrete panels.
Blast resistance increases with the increase of fibre volume and it was giai different types of
steel fibres have similar effects improving blast strerfgtires help controlling concrete spalling and
crack propagatiofil4]. The panels are less likely to fail presenting higher strengtlrexedsion of
damage than conventional concrete specinfisis

Available constitutive models for the simulation of FRC and compositesecalassified in macro and
meso modeldMacro models simulate the behaviour of the composite using an equivaleaogeneous
model with average propertieSonstitutive laws are directly derived from tests resditsee main
advantage of this type of models is that they use information thaevane at the structural scale. As
a counterpart, they require large number of tests considering diffémesicontents and types of loads
since the fibres are not explicitly taken into account. Someesktiproblems can be avoided using
meso-models that take into account the material components: conaitete fibres and sometimes
fibre/matrix interface [16L9]. This type of models has three key issues: the derivation of the fibres
sewing forces through cracks, the model use for the concrete mattixeaway in which the composite
behaviour is obtained from the componefitee models differ in the way in which in which these three
aspects are derived and combined.

Sewing forces through cracks can be obtained from pull-out tessingr meso-models [1&0]. The
fibres are explicitty modelled in some meso-mechanic approadieg different types of discrete
elements21].

Except for a few models [13,22host of the meso-models have been developed and calibrated und
static loads and are not suitable to simulateadhjc behaviour because thdyn’t take into account
strain rate effects.

The behaviour of HSFRC elements under impact and blast loadsusritBgsimulated with explicit
codes like using concrete macro-models 25B-The calibration of these models is not a simple task.
The use of meso-models to analyse fibres contribution andféet f fibres geometry on mechanical
properties can contribute reducing the required number of tests totealiise homogeneous models.

An experimental and numerical research carried out with the objettieveloping 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 beaperfermed in order
to study de behaviour of HSFRC under extreme loads and the effdotesftype and content on the
corresponding response.
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2.1. Materialsand mixtures

Five High Strength Concretes were used for the experimental study: a @airete (P) and four
HSFRCs varying the fibre length and the fibre dosages. All concretespnepared using the same
base self-compacting matrix. Ordinary Portland cement (730%kggitica fume (73 kg/f), calcareous
filler (48 kg/m?), natural siliceous sand (490 kgjnand 12 mm maximum size granitic crushed stone
(860 kg/ni) were used as component materials. A set retarding plastitikgfnt®) and a high range
water reducer (8.9 kgfinwere used as chemical admixtures. The water / (cement +failieg ratio
was equal to 0.24.

Two types of hooked-end high carbon steel fibres (L30 andw@B)ifferent lengths (30 and 60 mm)
and diameters (0.38 and 0.75 mm respectively) were added toGiIRR tensile strength of the fibres
was over 2500 MPa. Two fibres contents were used 40 and/88. ktSFRC are identified with the

name of the fibre followed by the fibre content (L30-40, LB0180-40, L60-80).

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

Prisms of 430 mm x 50 mm x 105 mm with a notch of approelyd9 mm in the central section were
used for static bending characterizati@8][ They were tested under three points loading. The crack
mouth opening displacement (CMOD) was registered. After the tests, specimenspasatddn two
parts and the fibres crossing the central section were colmtdticases fibres were pulled out without
failing.

Additionally, 40 pull-out tests okachtype of fibres, including some straight fisr@ut hooked-end)
were performedThe fibres were aligned with the load and the embedded levaighhalf the fibre
length. The pull-out rate was varied from 0.017 to 8.33 mm/s obgasimilar responses for the
different velocities [29].

All the specimens were cured 28 days in moist room and then stoted laboratory environment
during four months until the characterization, blast and impact testpedoemed.

2.2. Blast tests

Square slabs of 550 mm side and 50 mm thickness were testedlastiévads. They were supported
on a highly reinforced steel frame leaving a free span of 460Three different types of blast tests
were performed on the slabs varying the explosive masses anebfftalistances. In all cases, the
explosive had cylindrical shape and the detonator was locatedderttre of the upper surface. In Test
149 g of equivalent TNT were led on the slabs while in Tests Bdhd explosive was supported on
an expanded polystyrene block over the slabs. For Tests2, @4d g and 488 g with a height of the
explosive gravity centre over the slabs of 0.2525 m and 0.2A2Bre used respectively. More details
about the blast tests can be found in Refs. [29] 20d [

2.3. Impact tests

Prisms of 430 mm x 75 mm x 105 mm of P, L30-40 and 8B30vere used for drop weight impact tests.
The prisms were mounted with 310 mm free span in the drohtweigchine illustrated in Figure 1
where the different parts are indicated.

The projectile consisted of a 16 mm thick, 304 mm long, 5182 g d&telvwith a semi-cylindrical tup

at the bottom end. Fall heights were varied between 33 mmQO@irhm. Due to limitations of the
measurement equipment range, the accelerations on the botthe lsdam were measured for fall
heights up to 10@nm, and the impact force could be measured for heights up tm#2%or greater
heights only the crack opening, the bedsflection and the damage pattern were registered. A
piezoelectric load cell (PCB, 203 model) was used to record the ingpeet An accelerometer (PCB,
353 B03 model) was used to measure accelerations. Both deviceoweeeted to a signal conditioner
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(PCB, 482C05 model), which, in turn, was connected to two signalsition boards (Measurement
Computing, USB-1608FS model). The signal acquisition rate was 50 kHz.

D
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& \®

Figure 1. Impact test setup. (1) Projectile, (2) metal plates, (3) load cell, (4) metal bfixekahe
specimen to the support, (5) metal rod that links the metal bar andsugpalrts, (6) metal suppor
(7) accelerometer, (8) HARRF beam, (9) projectile side view and (10) projectile @erdrical tup.

3.NUMERICAL MODELS

The numerical simulation of HSFRC slabs under blast loads and HSFRC wesmeerfwith
hydrocodes using concrete macro-models calibrated to reprodudeehia@iour of HSFRC with
different types and contents of steel fibres. A meso-model develophd bythors [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 hemeogs equivalent models available
in hydrocodes for the simulation of HSFRC elements under blast and impdst KSFRC is assumed
as a composite material made of a high strength concrete matrix withsdigiores oriented in a
finite number n of discrete orientations. A modification of classicaturextheory is used to take into
account orthotropic behaviour of fibres and their slip respect tn#igx in a simplified way [18]
Concrete matrix is modelled with an elastoplastic ma@iBlgnd steel fibres are assumed as orthotropic
elastoplastic inclusions that can debond and slip from the m@wistitutive equations of fibres are
modified in order to include this inelastic phenomenon witleapticitly modelling the interface. Eh
model requires concrete properties, fibres material, geometry, distribotariantation as input data.
The fibres bond-slip behaviour is obtained from a pullimodel [30] The strain rate dependence is
explicitly taken into account in the constitutive models ofdbmponents. The model was proved to
accurately simulate the 2D static behaviour ofldtbee reinforced concrete [18] and UHPFRC under
high strain rates [19

First, pull out tests of straight fibres obtained from both fibres usee mumerically simulatedh this
way, the sliding threshold, the residual tangential strength anddherf coefficient were calibrated.
Then, the load-displacement curves for hooked-end fibres wereripatiyereproduced with the pull-
out model. The results for aligned fibres are presented in Figuree2va good agreement between
numerical results and average experimental response is observed.

P beams results were used to calibrate concrete tension strengthcaure faergyThen, the flexure
response of HSFRC notched beams with different fibres contents was sihwitht¢he meso-model
described and compared with experimental resultsder to check the model validity. The fibres were
supposed to be located in vertical planes, 40% in axial direction, 8608 and 30 at60%. This fibre
distribution is only valid for theebeams and should be approximated in correspondence wébtttee
fibre distribution in other cases. The pull-out responses for difféitee orientations were be obtained
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with the pull-out model. As illustration, the flexure responses of HSFRIC different contents of
fibres L60 are shown in Figure 3. These fibre contents correspahd actubfibre contents verified
after the tests.

Once the material properties and the model were validated, comprasditenaion response curves
for the different HSFRC were obtained. These curves were used agatpdor the macro- models.
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Figure 3. Flexure tests. a) P, b) L60-0.25%, c¢) L60-0.5 %, d) L66%.7

3.2. Numerical simulation of blast tests

Blast tests were numerically modelled with AUTODYBP]. The model consisted of the air volume,
where the slabs were immersed and the blast wave was generdtptbpagated, the slabs and the
support. The ideal gas equation of state (EOS) was used for the aidWhilEOS was used for TNT.
Standard material parameters available in AUTODYN material library were usaiddmd TNT B2);
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The problem was modelled from the beginning (explosive detonatitim a 3D model and using an
Euler Gudunov processak.Lagrange processor with 3D brick elements of 5 mm side was ustbe for
slabs while shell elements were used for the supports. Euler Lagrange intenatidefined between
air and the slab and the supports.

Concrete RHT model [33] in combination withepequation of state (EOS) was used for HSC and
HSFRC. Based on previous numerical results, the effect of adding diffeiel fibres and fibres
contents was taken into account modifying the main parameters rela¢edion strength and ductility
(failure strain and erosion limit). More details about this calibration cdoume in Ref. BQ.

3.3. Numerical simulation of impact tests

The numerical simulation of impact tests was performed with LS-[84ia All elements except for
the metallic rods were simulated using brick elements (ELFORM 1) of 5mméddrghm and the
supports and 3mm side for the projectile and load cell. Truss elementasedréor the rods.

K&C model [35] calibrated using the described meso-model was usklEf® and HSFRC. Basically,
the parameters of the compression and tension hardening curves diffe¢rent fibres contents were
obtained A penalty formulation (soft 0) was used for contact and friction was taktenaccount.

Rayleigh damping with parameters obtained from calibration with expetainesults was considered.

4. EXPERIMENTAL AND NUMERICAL RESULTS

4.1. Blast testsresults

The damage patterns on front and rear face of some of tiseadtab blast Tests 1 ai®care shown in
Figures 4 and 5 where numerical results are also included for conmparisorest of the results can be
found in Ref. B(].

In all tests performed on plain concrete brittle flexure failure of the slalssobtained due to the
reduced slab thickness and the brittle nature of HSC. An importaateterspalling at the rear face
that reaches the front face for contact explosion (Test 1). Thagiapatterns obtained for HSFRC
slabs were strongly different from those of P slabs. No HSFRC slab tested onti&t explosions
(blast Test 1) exhibited flexure failure and they preserved integrity aéidests (Figure 4). Flexure
cracks can hardly be identified. The front faces of the slabs presesrell @roded zone like a crater
produced by the high pressures originated by the detonation efphesive in contact with concrete
The crater dimensions were reduced when fibre content was inctassedly a slight reduction of
crater dimensions was obtained for fibres L30 when doubling treeitlume content. Slabs containing
fibres L30 (shorter fibres) exhibit smaller craters on front face arlihgpan rear face than slabs with
fibres L60 with the same fibre content showing that for the sdredontent, 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 stebemied flexure cracks at the rear
face and slabs L30-80 and L60-80 exhibited almost imperceptiBladleracksErosion in a reduced
zone was observed in the front face while a bigger spalling w@s created at the rear face. In contrast
with L60-40, slab L30-40 did not exhibit either crater or spgléhowing the greater effect of shorter
fibres controlling these types of damage. Increasing the fibre, cdieteurte cracksand spalling zone
were reduced

For the case of blast Test 3 (Figuredabs P and L30-40 were fractured but L60-40 presented wide
flexure cracks suggesting that longer fibres are more efficient contrfibixigre cracks than shorter
fibres.As in the rest of the blast tests, fibres were guhthut without failing in all cases.

A good agreement between numerical and experimental final dgvastgens was obtained but the
numerical simulations show that homogeneous models are not able to oepH8ERC behaviour
under the whole range of scaled distances to reproduce flexure failure, gratetigpalling30].
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Face Front Rear

L30-40
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Figure 4. Experimental results and numerical simulation of blast Test 1.

Face Front Rear

L30-40

L30-80

Figure 5. Experimental results and numerical simulation of blast Test 3.

4.2. Impact testsresults

Only P and HSFRCs with the shorter fibres have been tested under logdgtuntil now. The
comparison of numerical and experimental results for two fall heightslE3@-80 beam are presented
in Figure 6. It can be observed that numerical acceleration peakex = 4749, a_min = -400g) are
greater than those registered in the tests (a_max = 377g, a_min = 188dgrtheless, the envelopes
of both records are similar. The impact forces histories are satisfactoriylveed
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Figure 6. Impact (L30-80 beam) a) Acceleration H=33 mm b) Load Hn&38c) Load H=300 mm

The permanent deflections numerically obtained for the first ingratthose registered in the tests for
three consecutive impacts from the same height are presentedria Fifgu two fibres contents. The
results for each height correspond to a different specimen. Foe &léihts above 100 mm the fibre
were pulledeut without failing. The deflections for the first impact are well rejueed by the
numerical model. The comparison of Figures 7a and b showsftbetida are reduced when the fibre
content is increased but the effect is more important for the repeatacksmp
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Figure 7. Deflections a) Beam L30-40 b) Beam L80-

5. CONCLUSIONS

The effect of incorporating different contents of hooked-enl bégbon steel fibres of different lengths
in a HSC on blast and impact response was experimentally and numestodied. The following
conclusions are only valid for the particular concrete compositiosechfor the testing. Different
casting techniques or mix designs could result in different fibre behaviour.

e The incorporation of fibres, not only increases residual loadingcdgpand toughness under
static loads but also significantly improves impact and blast behatlexural crack thickness,
erosion and spalling zones dimensions and permanent deflectioreslaced with the increase
fibre content.

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

e Numerical models developed are able to approximately reprostatie, blast and impact
behaviour but further development should be performed maé@dyed to erosion criteria and
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limits since it is difficult to reproduce cater and spallingler blast loads and fracture under
impact loads with the available erosion models.
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