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ABSTRACT

Generally, sted fiber reinforced concrete (SFRC) during the few past decades has been found to possess many
excellent dynamic performances such as high resistance to explosion and penetration, which has now attained
acknowledgment in numerous engineering applications since it has several advantages. The randomly distributed
short fibers can be utilized to improve the physical properties of reinforced concrete structures due to the resistance
from crack initiation to crack propagation. Most of the steel fiber reinforced concrete research just to solve a
specific problem, and little information available concerning the structure performance degradation of SFRC in
certain circumstances. In current paper, a formulation to model the mechanical behavior of high performance fiber
reinforced cement composites with arbitrarily oriented short fibers. The formulation can be considered as a two
scale approach, in which the macroscopic model, at the structural level, takes into account the microstructural
phenomenon associated with the fiber-matrix interface bond/dlip process. Based on ANASYS software platform, the
numerical study on SFRC durability by damage mechanics method is carried out. Furthermore, waveforms from
dynamic compression and dynamic stress-strain curves for SFRC under different strain rate will be analyzed.
Numerical results can provide somereliable basis for SFRC durability design.
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INTRODUCTION

During recent years, steel fiber reinforced core(@FRC) has gradually advanced from a new, rathproven
material to one which has now attained acknowleddgniie numerous engineering applications. Latelyhas
become more frequent to substitute steel reinfoecerbecause adding fibers can overcome the betdkf the
concrete by improving the post-cracking behaviat anhancing ductility. Therefore, the applicatioh&FRC have
been varied and widespread due to its various adgeas, for example tunnel linings, slabs, and airpavements
(S. Tokgoz et.al, 2012; R.S. Olivito et.al, 2010).

In particular, concrete is a unique composite nitdrat is porous and highly heterogeneous. liriigle in resisting
tensile stresses, but the addition of discontindtess leads to a dramatic improvement in theirgttness during
the fracture process. The randomly distributed tsfibers (see Figure 1) can be utilized to imprdle physical
properties of reinforced concrete structures. Igeéserally agreed that the fibers contribute prilpdao the post-
cracking response of the matrix, by providing resise to the crack opening.
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Figure 1. Steel fibersused for SFRC composite

When subjected to the corrosive media in envirortpdurability problem appears in SFRC in the sexrycocess.
The neutralization of concrete and the steel c@rmoare the main aspects in the durability of cetestructures,
and the neutralization of concrete is the preréiguisr steel corrosion. The neutralization of o@te in practical
projects is the result of interaction of physicgiemical and mechanical factors. Therefore, therakzation of

SFRC under multiple factors should be investigateich is significant for the durability design aadsessment
and for the further investigation reinforcementrosion and service life prediction of SFRC struesur

Fiber-reinforced concrete (FRC) is a composite netenade primarily from hydraulic cements, aggtegaand
discrete reinforcing fibers. The behaviour of stidgr reinforced concrete (SFRC) started to bd wedwn in the
case of a first short-term loading; the durabibifiytheir vital character in the structural applioas remains still
largely to be explored. The long-term behaviouopérational structures reinforced with steel fibrehe cracked
mod depends on their capacity of effort taken leyfthre between the two lips of cracks. This isditianed, on the
one hand, with mechanical creep and fatigue eftecthe other hand, with corrosion of fibres.

Numerous works for evaluating mechanical properieSFRC have been reported, it now has been we#ed
that incorporation of steel fiber can significantigprove the mechanical behaviors of concrete. Yand Zhu
(2005) reported that the deicer-scaling resistarfi@®ncrete is reduced by the addition of steadrbat the same air
content, especially for the air entrained concr@antin and Pigeon (1996) indicated that steelrdideave no
significant influence on the deicer-scaling resista of concrete. According to Sun et al. (200elsfiber could
retard the performance deterioration of the corcaetd improve the resistance against multidamagigr severe
conditions.

From the literatures, it is obvious that most af ieel fiber reinforced concrete durability resbgust to solve a
specific problem, and little information availaldencerning the structure performance degradaticBF6tC under
dynamic compression in certain circumstances, wihscltlosely related to durability design and sesvide
prediction of steel fiber reinforced concrete stuue. General atmospheric environment research-BICSdurability
should be around neutral model, reinforced théginitorrosion time, the protective layer rust cliagk corrosion of
SFRC components bearing capacity calculation msthméxpand (Z.L. Wang et.al, 2009; S.P. SingH, &093; O.
Unal et. al, 2007). However, waveforms from dynamienpression and dynamic stress-strain curves FRGCS
under different strain rate needs more investigat¢his paper, a formulation to model the mechaniehavior of
high performance fiber reinforced cement compositis arbitrarily oriented short fibers. The formtibn can be
considered as a two scale approach, in which theraseopic model, at the structural level, takee Bxtcount the
microstructural phenomenon associated with therdibatrix interface bond/slip process. Based on ANAS
software platform, the numerical study on SFRC urdi;mmamic compression by damage mechanics method is
carried out. Furthermore, waveforms from dynamimpeession and dynamic stress-strain curves for S&Ri{er
different strain rate will be analyzed.

1. The Theroy Method

Damage mechanics theroy in recent years has altttieeunprecedented development and has receigezhtdeal

of attention. It has been widely applied to varioesearch fields of concrete structures, such emmda analysis, the
prediction of mechanical performance, the estinmtid and service life.The theoretical framework dzfmage
mechanics is developed in the mid-1970s. Howevacesthe 1980s, the damage mechanics have beentased
describe the non-linear characteristics of the mtrc The physical mechanism of the damage is thie tause of
nonlinear stress-strain relationship and irrevéesieformation. Therefore, many studies have sugdethat the
damage theory can be suitable for concrete cotigdtmodel (N. Buratti et.al, 2011; L. Nguyen-Miehal, 2011).
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Macroscopic mechanical properties of steel fibénfoeced concrete at the macro-level are studiesktdaon the
method of continuum mechanics. The study of soligtamals in a representative volume element is llysua
analyzed by the voxels changecaused by the staldamage. At this level the damage variable caddfi@ited as
a spatially continuous distribution and the paranehanged by the time. Consequently the formuldarhage
variable can be written as the following:

p=1-2
9o

in which ¢ and ¢, respectively mean the material of the current anitlal mechanical performance parameter
which represents the stress of the material stremipistic modulus,mass density, or the ratio efrtfaterial within
the volume fraction of the micro-defects or areetion.
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Figure 2. Idealization of thefiber matrix bond-slip mechanism at the mesoscale level
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Figure 3. Congtitutive model of the HPFRC components

Idealization of the fiber matrix bond-slip mechanisit the mesoscale level is shown as Figure 2. d&mage
mechanics study on deformable solids is researchirgntinuous defective distribution of concreteoider to
determine the evolution of the damage continucels frariables. Its research continuum mechanicstesy under
the ways and means can be determined. Howeves,rie¢essary to introduce mesoscopic and matedeace
methods in order to have better understanding efddimage causes of injury and the shape chardiceid the
micro-structure. The theory methods on damage problof steel fiber reinforced concretecan can lwadly
divided into three types, namely, metal physicshoés, phenomenological methods and statistical adsthA new
formulation to model the mechanical behavior ofhhigerformance fiber reinforced cement compositeth wi
arbitrarily oriented short fibers is detailedly peated in the paper of J. Oliver (J. Oliver eRal] 2).
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Table 1. Thevalues of model materical parameters

Matrix Fiber Interface zone
d;=4.0MPa | d/=260MPa| r,=different values
E.,=21.0GP. | E=180 GP G=10° GPam

_ H=0
Un=0.2 H=170 MPa =0
G =0.1MPa &0° k=0.86%

In an attempt of overcoming these drawbacks, soesearchers proposed a combination of FRP and steel
reinforcements for concrete beams. From Figure 8 Bable 1, we can know constitutive model of theFRE
components and the values of material parametersitels. By combining with these reinforcement malke and
considering the minor concrete cover required fRPFan effective reinforcement solution in termscohcrete
dynamic performance is obtained by placing the BRIR near the outer surface of the tensile zonestmad bars at

an inner level of the tensile zone. Figure 4 déscliuniaxial stress-strain curve with damage irsiten and
compression. The presence of steel bars in theeatm@ntioned hybrid reinforcement system providsigyaificant
contribution in terms of the ductility and stiffreegJ.A.O et.al, 2012). The experimental tests o thybrid
reinforcement concept, in spite of being scarceyeh@een utilized to confirme the potentialities thiis
reinforcement system.

tension

—
'Crack control
compressio

Figure 4. Uniaxial stress-strain curve with damagein compression

The basic equation of motion solved by an impti@hsient dynamic analysis can be given as theviatig:
mX + X+ kx = F(t)

wherem is the mass matrix; is the damping matriXk is the stiffness matrix; ané(t) means the load vector. At
any given timet, this equation can be regarded as a set of "stdjgilibrium equations, which can also take into
account inertia forces and damping forces. The Naskrar HHT method is used to solve these equatibdsscrete
time points. The time incremenit between successive time points is called the iatagr time step. For linear or
nonlinear analysis, the basic demand should bsfigatias follows:

For linear problems: (i) implicit time integratia® unconditionally stable for certain integratioargmeters. (ii) The
time step will vary only to satisfy accuracy regumrents.

For nonlinear problems: (i) the solution is obtain®y using a series of linear approximations (NewRaphson
method), so each time step may have many equitibriterations. (ii) The solution requires inversioh the
nonlinear dynamic equivalent stiffness matrix.) (8mall and iterative time steps may be requirecathieve
convergence. (iv)the convergent tools are provideut, convergence is not guaranteed for highly meali
problems.

The basic equations solved by means of an Expligitamic analysis can express the conservation afsma

momentum and energy in Lagrange coordinates. Thegether with a material model and a set of ihi¢iad
boundary conditions, define the complete solutibthe problem. For Lagrange formulations, the mestves and
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distorts with the material it models, so conseoraf mass is automatically satisfied. The dersitgny time can
be determined from the current volume of the zamkits initial mass as follows:

PN _ M
V \%

The partial differential equations of the consenrmbf momentum related with the acceleration ® shress tensor
g; can be given:

p%=h, +aa>°< +60Xy +aaXZ
0X oy 0z

0y=h +6cryx +6ch +6cryZ
Yo ox o9y oz
pZ=Db,+ 99, + 9, + 99,
ox oy 0z

Moreover, the conservation of energy is writtericliows:

e=— (axxe;"xX +o,&, t0,E,+20,¢6 +20,€,+ ZD'ZXEZX)
P

For each time stefit, these equations are solved explicitly for eaemelnt in the model, based on input values at
the end of the previous time step. Mass and momemnservation must be enforced. However, in weled
explicit simulations, mass, momentum and energyulshde conserved. Energy conservation is constantly
monitored for feedback on the quality of the saatin order to obtain a relatively sufficient prgon (as opposed

to convergent tolerances in implicit transient dyies).

2.The Analysis of Numerical Results

ANSYS software is a financial structure, fluid, ehéc field, magnetic field, the sound field anatyin the large
general-purpose finite element analysis softwarg. ANSYS development, the world's largest finite nedat
analysis software company, one that can, with mi#dD software, interface, data sharing and exchasgeh as
Pro / Engineer, NASTRAN, Alogor, I-DEAS, AutoCAD drother modern one of the CAD tools in the product

design(Z.-L. Wang et. al, 2008).
' ' 1
i = b ID.99444

(@)

0.98889
-0.98333
A -0.97778
L0.97222
: 0.96667
0.96111
I 0.95556

0.95

Stage(2) Stage(3) Stage(4) Stage(5) Stage(7)

Figure 5. HPFRC dogbone shape specimen subjected to the tensile test and numerical results

3.1 Modeling on tensile of HPFRC dogbone shape
Figure 5 depicts iso-damage color maps and illtetrahe evolution of the matrix damage distributuring
different stages. The formulation can be considex®a two scale approach, in which the macroscetpictural
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model is developed by taking into account the mescsiral phenomenon associated with the fiberimatterface
bond/slip process. This phenomenon in the macrésagscription is illustrated by a microlevel figldpresenting
the relative fiber—cement displacement. Then, tbeeging equations of this problem can be derived a
assimilated to a specific case of the material ifielll theory. The numerical results of the averagress-strain in
specimens are shown in Figure 6.
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Figure 6. HPFRC dogbone shape specimen tensile test

3.2 Modeling on four-point bending beam test

Figure 7a compares the total load P versus the leiddint vertical displacement response. In theufdgwe
compare the experimental results, of the reinforl€&$E and BSS-wire-reinforced specimens, with thmerical
solution obtained for the ultimate bond strength=2.5MPa (conforming to a weak bond) amg=7.5MPa

(conforming to a strong bond). It can be observeat for both values off, the results closely reproduce the
experimental observations for the CSS and BSS s,

With the present model and using several ultimatedbstrengthst; (= 2.5; 4.5; 5.5; 7.5Mpa) we have obtained the
isodisplacement contour lines displayed in Figued &) (e) and (g). In these pictures, the coalese of a number
of iso-lines represents the formation of crackse @amage distributions in the concrete are showfigare 8(b),
(d), (f) and (h) by means of iso-color maps.

) P (N)
2000 (a) 2000 (b) =
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1200 —o- ¥ =7.5MPa 1200 3 -0- T4 = 7.5MPa
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Figure 7. Four-point bending beam test. Load asa function of cross head displacement steel - wire - reinfor ced cement specimens

Due to the wide application of concrete structumaisjected to the larger strain rate range of thd,lofor example,
the creep strain rate is generally lower thaff/40corresponding structure under seismic loadingjrs rate of
approximately 16-102/ s; impact load of about 300"/ s under blast loading strain rate reached nfae 17/ s;

Several factors(the main material sensitive todiinain rate effect, the inertia effect, and mut@lpled influence

between them) affect the mechanical propertieootiete materials subjected to the dynamic impmaad,|so that it
is difficult to complete separation experiments.
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Figure 8. I so-displacement curvesand damage level depicting the crack patterns
(CSS- and BSS-wirereinforced beam ks =1%.)

ELEMENT SOLUTION

SUB =1
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Figure 9. The numerical model based on ANSYS
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Figure 10. A deformed mesh with damage contours
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Figure 11. Dynamic stress-strain curvesfor SFRC under different strain rate
(@ Vi =0.0%; (b) Vi = 3.0%;

Figure 9 is the numerical model based on ANASY Se Tilnmerical simulation of steel fiber reinforcechcete
durability was carried out by means of ANASYS. Téieulated crack path for d = 30 mm displaying tlensi
damage contours is shown in Figure 10 as an exar@plly heterogeneous models accounting for theceffef
random distribution of fibres are able to simul#te scatter and thus the reliability or failure kability of
UHPFRC members against external loads. The wavefdrom dynamic compression test were recorded (see
Figure 11). It can be noted that the impact vejoat the striker influences the destructive degoéeSFRC
specimen. Furthermore, in the case that the spaciwas crushed under the dynamic impact of the emtidbar,
much of the impact energy will be absorbed by tluslted specimen.

Figure 11 shows dynamic stress-strain curves f®®GSEnder different stain rate. The stress—strdatiomship of
the SFRC specimen can be obtained by analyzingettmrded waves based on one-dimensional elastiovénae
theory. As seen in Fig. 10, both and Fy show an approximately linear dependence on thenvelfraction of
steelfiber and the natural logarithm of strain-rdteis noted that the relation fdfy-V; is proportional while the
relation form-V; is inversely-proportional. It is recognizedthag thehavior of the SFRC is significantly sensitige t
the strain-rate. It is found from Figure 10 thaé tholume fraction of steel fiber is of great im@onte to the
mechanical behavior of reinforced concrete. Gehgredmpared with normal strength concrete, theiwalf o with
the specimen 0¥;=3.0% is improved approximately 1.25 times.

CONCLUSION

The dynamic performance of the steel fiber reirédrconcrete, which is influenced by General atmesplof the
environment, corrosion of steel bars and aggressgess, etc., is of great significance to strietdesign and the
prediction of service life. The conclusions in thegper can be briefly summarized as follows:

(1). The formulation that model the mechanical @raof high performance fiber reinforced cementnpmsites
with arbitrarily oriented short fibers can be calesied as a two scale approach, in which the magpaseodel, at
the structural level, takes into account the mittasural phenomenon associated with the fiberixatterface
bond/slip process.

(2). Based on ANASYS software platform, the numargtudy on tensile of HPFRC dogbone shape andgdoint
bending beam test by damage mechanics methodriectaut. It is noted that the relation fiég-V; is proportional
while the relation fom-V; is inversely-proportional.

(3). The numerical results of dynamic stress-steairves suggest that the volume fraction of stibelrfis of great
importance to the mechanical behavior of reinforcedcrete. Generally, compared with normal stremgtficrete,
the value ofowith the specimen o0f;=3.0% is improved approximately 1.25 times.
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