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Abstract

Steel fiber reinforced concrete (SFRC) structures have been widely adopted
and attracted great research attention due to their excellent performance in
resisting tension and flexure bending. However, the existing analytical and
numerical analyses of SFRC structures rely mainly on the experimental data of
material tests, thereby being suitable for a case-by-case basis. This is due to the
lack of a general and reliable constitutive material model for SFRC, which ana-
lytically considers the fiber-dependent parameters such as fiber geometry, fiber
stiffness, and interface properties of fibers and concrete matrix. This study pre-
sents an approach to modify the concrete plastic damage model to represent
the SFRC material constitutive relations for simulating the structural behavior
of SFRC. In this approach, the general procedure to integrate the bridging
effect of fibers through the pull-out mechanism into the constitutive relation
of SFRC was proposed. The comparison between the numerical and experi-
mental results was conducted to verify the reliability of the proposed model.
The results demonstrated the proposed model could well represent the mate-
rial performance of SFRC and the numerical simulations could capture reason-
ably the effect of the volume fraction, geometry, and properties of fibers on the
structural response of SFRC.
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1 | INTRODUCTION

Plain concrete is intrinsically brittle and has a low capac-
ity under tension, which can result in premature failure
of structures. Therefore, considerable efforts to improve
the concrete properties have been made over the recent
decades. Among those attempts, the incorporation of
fibers into the concrete matrix is one of the effective
approaches.' In terms of the material properties, steel
fiber reinforced concrete (SFRC) demonstrates superior
performance in tension capacity, energy absorption,
impact resistance, fracture toughness, and postcracking
behavior.*”” The key feature of SFRC is the ability to
transfer the tension stress after the formation of cracks in
the mortar, which helps postpone the crack propagation
and opening. In terms of structural scale, many previous
studies demonstrated that fiber reinforcement signifi-
cantly enhanced the capacity, ductility, and postpeak
behavior of reinforced concrete beams, columns, and
beam-column joints.** However, most of the research
attention is currently focusing on experimental investiga-
tion whereas only a few studies paid attention to develop-
ing or investigating constitutive material models for
SFRC. Therefore, the current procedure for simulating
SFRC structures requires many experimental data from
material tests for calibration, thereby being applicable on
a case-by-case basis.

The available material models of SFRC in the litera-
ture have been derived from three primary methods:
(1) discrete method, (2) empirical calibration, and (3) con-
tinuum-damage based theory. These methods have
shown pros and cons when being adopted for developing
a constitutive material model. First, the discrete method
adopted the concept of separating the fiber phase from
the concrete matrix phase, thereby increasing the
computational cost significantly.''* Even though the
discrete-based models such as lattice models could pre-
dict accurately the response of SFRC at the mesoscale
level, their complexity and high computational cost
impeded them from being deployed in large-scale struc-
tures. The second method, which is simpler and more
feasible, is to calibrate the material parameters of a plain
concrete model based on experimental tests of SFRC.'*™*¢
However, this method is mainly based on fitting experi-
mental data, and hence the fiber bridging mechanism
cannot be physically captured in the calibrated models,
which may lead to a significant error in prediction if
those models are employed in other cases. This type of
model is based on a case-to-case basis since a calibrated
model for a particular concrete with a certain type and
volume fraction of fiber may not be applicable for other
SFRC. Finally, the available approaches based on the
continuum-damage theory exhibited a balance between

computational cost and accuracy. Those models taking
into account of essential fiber bridging mechanism are
able to reflect the variation in structural performance due
to the effect of volume fraction and fiber orientation with
a reasonable computational cost.'”"*°

From the above reviews, the mechanics-based
continuum-damage theory is an effective approach for
deriving a constitutive model of SFRC. However, in the
literature, the constitutive models derived from this
approach are still scarce and have several limitations.'”"”
Those models provided the fundamental concept at the
material level, and they have not been verified for
large-scale structural components. In addition, to imple-
ment those models, a user-material subroutine suitable
for finite element software is usually required, which is
not convenient in practice.”” To overcome these difficul-
ties, this study proposes a procedure to modify the con-
crete damaged plasticity model (CDPM) in ABAQUS.
The principal components of CDPM for SFRC including
the yield criterion, dilation angle of flow rules, damage
evolution, and hardening/softening rules are proposed to
capture the crack bridging stress of fibers. The derivation
is based on the physical working mechanism of steel
fibers.

2 | CONCRETE DAMAGED
PLASTICITY MODEL

2.1 | Overview

The nonlinearity of concrete behavior can be character-
ized by two distinguished mechanical processes: (1) dam-
age evolution, which is caused mainly by the microcrack
coalescence and macroscopic crack growth; and (2) irre-
versible deformation such as the inelastic volumetric
expansion. The use of continuum damage mechanics can
simulate the damage process in concrete, thereby captur-
ing the degradation of stiffness and the softening behav-
ior.?"** Meanwhile, the theory of plasticity can be
successfully applied to capture the inelastic deformation
of concrete during the unloading process. Therefore, the
constitutive models based on the combination of both
theories of damage mechanics and plasticity are one of
the most effective approaches to simulate the nonlinear
behavior of concrete.

In brief, the CDPM, which is first introduced by
Lubliner et al.** and later modified by Lee and Fenves,**
is presented in this section before modifications pre-
sented in the next section. The model adopts the isotropic
hardening in a combination with the isotropic damage to
achieve simplicity but ensure the necessary accuracy. The
key elements of this model including the yield criterion,
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flow rule, hardening/softening rule, and function of dam-
age evolution are summarized subsequently.

2.2 | Yield function

The yield function proposed by Lubliner et al.** and later
modified by Lee and Fenves* is adopted in CDPM. In
the effective stress space, the function is expressed in the
following form

Q

e et

where eand y are dimensionless constants to be cali-
brated from material tests; p is the effective hydrostatic
pressure; q is the Mises equivalent effective stress; 6 max is
the maximum of principal stress; 6. (€pc) and (&) are
respectively the effective compressive and tension cohe-
sion stress determined by the hardening/softening rule;
and &, and g, are the equivalent compressive and ten-
sion plastic strain, respectively.

The constants a governing the biaxial compressive stress
state can be determined based on the ratio between the equi-
biaxial compressive strength f;,, and uniaxial compressive
strength f7, by using Equation (2). Meanwhile, the param-
eter y governing the triaxial stress state is calculated from
Equation (3) where K, is the ratio of J, on the tensile
meridian and that on the compressive meridian, respec-
tively. According to experimental evidence of plain con-
crete, the ratio f,./f. are in the range from 1.10 to 1.16
while K. is conventionally taken as 2/3 in this study.

_ f c/fc -1
a_szbc/fc_l (2)
= I
2.3 | Flowrule

Due to the significant change in the volumetric strain of
concrete material, the nonassociated flow rules are com-
monly used in the constitutive model of concrete includ-
ing CDPM. The potential function adopted in this model
is the Drucker-Prager hyperbolic function:

Jibl—

G= /(€ tany)* + ¢ —ptany (4)

where y isthe dilation angle measured in the p—q plane at
high confining pressure; f,is the uniaxial tensile stress at
failure; and € is the parameter, referred as the eccentric-
ity, that defines the rate at which the function
approaches the asymptote. This flow potential, which is
continuous and smooth, ensures that the flow direction
to be uniquely determined.

2.4 | Hardening and softening rules

In the CDPM, isotropic hardening/softening rules are
adopted and the function with controlling parameters are
defined as the equivalent plastic strain. Due to the signifi-
cant difference in the compression and tension behaviors,
the hardening/softening rules of concrete are defined by
two different functions 5, (g,.) and , (&) as expressed in
Equation (1). Under the uniaxial stress state, by assuming
that the direction of the principal stress o7 is the loading
direction, the remaining principal stresses ¢, and o3
equal to zero. By substituting the uniaxial condition in
Equation (1), the effective compressive and tensile stres-
ses for uniaxial loading is reformulated as follows:

o (?pc) =0 (epc) ifo; <0 (5)

E[(Ep[> =01 (EPt) ife1>0 (6)

From Equations (5) and (6), the hardening/softening
rules of CDPM have to match with the stress versus
plastic strain curve of concrete under uniaxial tension
and compression loading. In ABAQUS, for convenience,
the tabular form of stress versus inelastic strain
extracted from uniaxial tests can be used as inputs.
Then, the software automatically converts the inelastic
strain (e, for compressive behavior and ¢, for tension
behavior) into the plastic strain based on the following
expressions

d. o.
= e — € 7
fpe =i T 4, B, 7)
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where o, and o, are stress points obtained from the uni-
axial compressive and tension tests, respectively; E. is the
elastic modulus of concrete; d. and d, are respectively the
damage variables in compression and tension determined
from damage laws, which are presented in the next
section.

2.5 | Damage

The inelastic behavior of a ductile material can be simu-
lated by adopting the plasticity theory where the total
strain tensor [¢] can be decomposed into two parts includ-
ing the elastic strain tensor [¢,] and plastic strain tensor
[ep], and then stress state can be determined as follows:

[e] = [ee] + [ep)] ©)

[0 = [D], (le] - [&]) (10)

where [o] is the stress tensor and [D], is the initial
stiffness tensor. Figure 1 illustrates the loading and
unloading response of a material described by the plastic-
ity theory. It can be seen that the initial stiffness of the
material remains unchanged under the unloading condi-
tion, thereby the inelastic strain &;, equaling to the plastic
strain &, (see Figure 1). However, the degradation of the

unloading stiffness of concrete material always occurs

stress

A

1
: strain
€n = &p Ee
b E—
€
>

FIGURE 1 Loading and unloading responses of the
elastoplastic model.

due to damage (see Figure 2). This leads to the fact that
the inelastic behavior of concrete material cannot be
entirely reflected by the plasticity theory. Hence, CDPM
adopts a scalar variable d, 0<d <1, to simulate the pro-
gressive material damage of concrete as

[o] = (1= d)[Dl, ([e] - [&p]) (11)

Under the uniaxial monotonic loading conditions,
variable d can be characterized by two damage variables
d. and d; that respectively represent damage of concrete
in compression and tension. Therefore, Equation (11) can
be expressed in the scalar form for the uniaxial loading
condition as follows

oc=(1—d.)E, (ec — epc) (12)
Ot = (1—d[)EC(8[—8pt) (13)
where E, is the elastic modulus of concrete; e, and g, are
respectively the total strain and plastic strain in compres-

sion; and ¢; and g, are the total strain and plastic strain
in tension respectively.

3 | PROPOSED MODIFICATION
FOR SFRC
General

31 |

The presence of macro steel fibers improves the mechani-
cal characteristics of concrete material through the

A O
Compression )
Elastic phase
Plastic phase
E.
(1_dc)Ec
1
1
1 SC
< / ! >
: R R >
t Tenslon\,<—p>. — l¢Ce
in 1
! 1
Otv

FIGURE 2 Loading and unloading responses of damage plastic
model of concrete.
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FIGURE 3
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(a) Biaxial behaviour

bridging effect at cracks. In terms of the tension behavior,
the postpeak behavior of SFRC is significantly better than
that of plain concrete (see Figure 3). When a high fiber
volume fraction is used, SFRC can attain the strain hard-
ening behavior after the formation of first crack
(Figure 3c). This observation demonstrates that the ten-
sion behavior of SFRC is significantly different from plain
concrete. Accordingly, the aspects of CDPM related to
the tension response including the tension softening rules

(b) Triaxial behaviour

and tension damage rules are modified to consider the
bridging effect of fibers.

In terms of the compressive behavior, the previous
studies indicated that the bridging effect of fiber at cracks
can result in the slight passive confining stress in out-
of-plane direction.”>*® However, that influence is only
effective in improving the biaxial strength of SFRC***"*
(as seen in Figure 4a) while the uniaxial and triaxial
strength of SFRC seems to be not much different from
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the plain concrete (see Figure 4b). Furthermore, the
confining stress yields smaller plastic volumetric strain,
thereby leading to a reduction of the dilation characteris-
tics (i.e., dilation angle) of SFRC. Therefore, the confining
effect of fiber reinforcement is necessary to be considered
in the compressive behavior of SFRC. Based on the above
discussion, the primary modifications of CDPM for SFRC
are presented as follows:

30-33

+ Since the confining effect of fibers on the compressive
behavior of SFRC is considered, the ratio f,./f. in
Equation (2) and the dilation angle y in Equation (4)
are modified. Meanwhile, the constant governing the
triaxial state of yield surface K. in Equation (3)
remains similar to plain concrete.

« The available empirical model for SFRC under the
compressive uniaxial loading is adopted to calculate
the compressive hardening/softening rules and the
compressive damage law.

« The crack bridging effect of fibers into the tension
hardening/softening rules and the tension damage law
for SFRC is analytically considered and the corre-
sponding derivations are made.

3.2 | Yield function

As mentioned in Section 2.2, the yield function of CDPM
is governed by two constants « and y. The first constant
governs the yield surface at the compressive biaxial fail-
ure state while the second one controls the shape of the
deviatoric plane of the yield surface at the compressive
triaxial failure state. As discussed in Section 2.2, the
experimental findings in the literature indicated that tri-
axial failure state of SFRC was quite similar to plain con-
crete. Thus, the effect of fiber reinforcement on constant
v is negligible. Meanwhile, the compressive equibiaxial
strength of SFRC has been consistently higher than that
of plain concrete, which indicates that the fiber presence
has a significant influence on the biaxial failure state of
concrete material. Therefore, constants « is affected by
the incorporation of fibers and it is modified for SFRC as
described in the following section.

3.2.1 | Constants a and ratio f,./f.

Under the biaxial compression, the failure of plain con-
crete is caused by the tensile splitting cracks parallel to
the unloaded face. Before cracking, the presence of steel
fibers has a negligible influence on the stress-strain
response of SFRC.***” However, after cracking, the

]

o, /‘73

Fibre bridging at

the crack
]
|
oy [e— % 0 —» %
Slight confining
stress o3 o
a, 2
Biaxial state of FRC Equivalent triaxial state
FIGURE 5 Equivalent triaxial state to determine the biaxial

compressive strength of steel fiber reinforced concrete.

inclusion of fibers reduces the lateral strain in the
unloaded direction considerably, thereby inducing con-
fining pressure. According to the test data, previous
investigations demonstrated that the increase in biaxial
compressive strength of fiber concrete could be attributed
to this confining pressure of fibers.”>*”* In addition, the
inelastic behavior of SFRC under biaxial compression
can be considered to be similar to that of plain concrete
under triaxial state of stress.”> Hence, in the present
study, the inclusion of fibers in the concrete is treated as
analogous to applying a confining pressure in the direc-
tion of 3. That is, the strength envelope for SFRC under
biaxial compression (o1, 0,) can be regarded as equiva-
lent to the failure envelope for an analogous plain con-
crete under triaxial compression (o1, 63, 63), where o3 is
the confining pressure (see Figure 5). The value of the
confining pressure in the o3 direction is assumed to be
equal to oy where oy, is the residual postcracking tensile
strength as proposed by Lim et al.>* Although there is a
need to incorporate the fiber pull-out characteristics, this
modeling can be considered satisfactory, in the case that
most of the available models for plain concrete also
attempt to model the failure envelopes using only stress
variables.?’

Based on the above discussions and assumptions, the
equation for equibiaxial state of SFRC is presented as
follows

FOLRFo0r) = f (Guunf berS be) (14)

where f is the yield function expressed in Equation (1).
By solving the equation, the ratio of ffi%er /ffiber apng qfiver
is obtained by Equations (15) and (16) as:

fiber
142
e _oult2ety o (15)

o 1m2a f

c
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(a) Compare with Golpasand et al. [35]

fiber / cfiber
iber c / f c -1
afb = (gj‘%lber/fﬁber)) -1 (16)

where f1°" is the uniaxial compressive strength of SFRC

and f’, is that of plain concrete. From the above equa-
tions, it can be seen that the parameter a**" depends on
6w, Which can be generally derived from the pull-out
mechanism**

Vilst
Ow = 2’71’70d—fu (17)

where 7, is the orientation factor taken as 0.405, V is the
volume fraction of fibers, Ly and dy are respectively the
length and diameter of a fiber, 7, is the ultimate bond
strength of steel fibers and concrete matrix taken as
0.4,/f%, and n, is the length efficiency factor taken as 0.5
when Ly <L. and 1—L./(2Ls) when L; > L. L. denotes
the length required to develop the ultimate fiber stress z,,
that is, L. =0.50ds/7,.>* By adopting the o™ in the
yield function, the total envelop of biaxial state in case of
SFRC was obtained and compared to the experimental
data from the previous studies of Golpasand et al.*> and
Bao et al.*® (as shown in Figure 6). It can be seen from
the figure, the biaxial failure of SFRC is well predicted
for specimens adopting the volume fraction of fibers from
0% to 1%. However, with the increase in the volume frac-
tion of fibers, the proposed model tends to underestimate
the biaxial strength of SFRC. This can be attributed to
the conservative assumption of the equivalency between
fibers confining stress and residual stress of SFRC deter-
mined in Equation (17). It should be noted that
Equation (17) was derived for SFRC with the softening
postcrack behavior, that is, volume fraction of fibers
ranging from 0% to 2%.** With the higher volume

(b) Compare with Bao et al. [36]

fraction, the postcrack response of SFRC show hardening
behavior, thus the confining stress of fibers might be
higher than the value estimated from Equation (17).
Although further studies can be conducted to achieve the
more accurate modeling of case with high-volume frac-
tions, this modeling can be considered satisfactory for
engineering practice where the practical maximum fiber
volume fraction is limited to about 1%-2%. Figure 7
shows the variation of triaxial failure of SFRC by adopt-
ing the modified parameter o™, Due to the increase of
the fiber volume fraction, the triaxial strength of SFRC
increases slightly and the proposed model can capture
this phenomenon. However, the yield function proposed
by Lubliner et al.>* in Equation (1) is not suitable for
representing the failure of concrete under high hydro-
static pressure (higher than five times uniaxial compres-
sive strength). Therefore, discrepancy between the
estimated values and test data from hydrostatic pres-
sures over 120 MPa can be observed from the figure.
Modeling the behavior of concrete under large hydro-
static pressures is out of the scope of the proposed
model.

3.3 | Flowrule

According to the definition of potential flow function
G shown in Equation (4), the dilation angle is the vital
parameter that governs the flow rule. In order to refine it
more conveniently, two assumptions are adopted, that is,
(a) the plastic flow angle is not associated with Lode
angle, and (b) the flow direction of the total plastic strain
is always identical to that of plastic strain increment.
Hence, according to Papanikolaou and Kappos,” the fol-
lowing geometrical relationship can be obtained:
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Plain-Proposed 180 steel fiber reinforced concrete
Vf = 1%-Test . .
Vi = 1%-Proposed (comparison with Jenn-Chuan
®  Vi=2%-Test 160 Chern and Hong.*")
Vf = 2%-Proposed (a) Compressive meridian and

140 (b) tension meridian.
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(a) Compressive meridian

d dp dG
g=-PL_ _PET__ d (18)

dq dGdg puny f(ef tany) + g2

It should be noted that the linear potential function,
G=q—ptany —C, is equivalent to the Drucker-Prager
hyperbolic function in Equation (4) when the hydrostatic
pressure p is compressive. Hence, for simplicity, the lin-
ear potential function is used for determining the dilation
angle. By substituting the linear form of function G into
flow rule & = /1‘9 ¢ the dilation angle can be calculated as
follows:

def = @ tan(y) + 27 ) da (19)
def = (— tan(y) + 222 61 )d/l (20)
de? — C tan(y) + 22— ) & (21)

&b = del + deb + defy = tan(y)dA (22)

dep:\/%((ds‘ff 2+(de§fds§)2+(de‘3’fds€)2>:;d/l
(23)

del eP 3
=4 2tany) Y

Physically, the incorporation of fiber leads to the
equivalent confinement on the concrete matrix as men-
tioned in the previous section, therefore the dilation
angle of SFRC may be reduced due to a smaller plastic
volumetric deformation. The similar phenomenon has

-60

-40 -20 0

Hydrostatic stress (MPa)

(b) Tension meridian

also been reported in previous investigations on the FRP
confined concrete.”®**' The dilation rate of concrete
reduces due to the presence of passive confining stress
of FRP. With the purpose to reflect the function of
fibers reasonably, it is assumed that the dilation angle
of SFRC is equivalent to that of confined concrete with
the fiber confined stress equaling to the residual post
cracking stress, oy,. This assumption is deemed reason-
able since the post cracking stress of SFRC postpones
the splitting crack development, thereby reduces the
rate of plastic volumetric expansion. The function of
dilation rate of normal concrete under confined stress
oy 8%

-2 de?
e —05="0 (25)
a ("—’,“) +1 3
fC
where a = 65e %%1¥¢; p=1.5 — ¢~ 0%, By substituting the

dilation rate into Equation (24), the dilation angle of FRC
can be expressed as follows

= 126+1 (26)
251
The predictions are plotted against the test results
extracted from the previous study in Figure 8, from
which there are scatter results even though the relation-
ship between the dilation angle and fiber content is quite
clear. This means that the actual fiber confining stress
might not totally equal the residual post cracking stress.
Future studies can be conducted to improve the model by
add one calibration factor to the residual stress for match-
ing the experimental test. In this study, due to the lack of
test data of dilation rate for SFRC, the fiber confining
stress is still assumed to be oy, as also adopted by the pre-
vious study.*’
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45 ' ' ' ' Equations (28) and (29) to ensure that the peak occurs
l ® Exp atY=1:
40 o From the proposed equation
5L @ ] Be® 1-Y,
¢ B e B T v B (28)
o 30 ) 1
2 ‘b | 1-Y,
g 25 A= (1-e®)—— Vor B (29)
.% 20t [ ) [ ) : |
E 15 & o | The slope of the postpeak response of the stress—strain
) curve is governed by parameter B, as expressed in
10 RI=V Lf 1 Equation (30). As aforementioned, the postpeak slope of
s - f d_f the uniaxial compressive behavior in the case of SFRC
decreases with the increase of the fiber volume fraction.
0 : : . : To consider this phenomenon, the following nonlinear
0 0.2 04 0.6 0.8 1 relationship between B, and the volume fractions of
RI (fiber index) fibers V; is adopted as follows'”:
FIGURE 8 Dilation angle of steel fiber reinforced concrete

(comparison with Chi et al.*?).

3.4 | Hardening and softening rules

34.1 | Compressive behavior

Experimental results from the previous study'’ indicated
that fiber reinforcement leads to the advantageous effects
on the uniaxial compression of concrete specimens
such as:

+ The compressive strength slightly increases with the
fiber volume fraction.

« The strain at peak stress increases with the fiber vol-
ume fraction.

« The slope of the postpeak stress-strain relation
decreases with the increase of the fiber volume fraction
and aspect ratio of fibers.

The compressive hardening/softening function in the
previous study’’ is employed in this study. This function,
providing a smooth transition from pre to post peak
response, is expressed as follows:

(o l—Yo _ -
fﬁ—bcer:Y(ﬂc):YO"’_ {TE Blm_YO} (1—e %) (27)
c

where Yo =& (f° is the initial yield stress of SFRC; f1°r
is the uniaxial compressive strength of SFRC) and 7, = 5
(éine is the inelastic compressive strain of SFRC as
described in Figure 2 and &/ is the inelastic compressive

strain at the peak stress). The constants must follow

B,=0.1-0.08 (12.5 x V;)*! (30)

Furthermore, the compressive strength of SFRC, fﬁber,
and the strain at the peak stress ef were demonstrated to
be a function of the fiber volume fraction (V) and aspect
ratio (ay =).**** The variation of f™ and & with the
volume fraction and aspect ratio of fiber are expressed by
the flowing equations:

IR (Veap) =fu (144 (Vy) Aa(ar)) (31)

(Vrar) =y (Lt (V) duc(ay)) (32

where f. and &b, are, respectively, the compressive
strength and strain at the peak stress of plain concrete.
Four parameters A, 44, 4., and A, are expressed by the
Equations (A8)-(A11) in Appendix A.

3.4.2 | Tensile behavior

The mechanisms governing the behavior of plain con-
crete and SFRC can be identified via typical experimental
results of tension tests, shown in Figure 3. In the case of
plain concrete, a single major crack forms immediately
after the stress exceeding the tensile strength of concrete
matrix, and quickly dissipating all the energy, leading to
a very sharp decrease in the postpeak behavior. In con-
trast, a considerable enhancement in the toughness and
fracture resistance can be observed from the behavior of
SFRC. This is due to the bridging effect of fibers during
the opening process of the first crack, which enables to
transfer further stresses between two sides of the crack.
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»L fib

O'C(W)+ vivvy IW

(@ Force diagram at the crack surface of SFRC

o(w)

Overall response of SFRC

Fibre bridging stress

NS

Cohesive stress of plain concrete

(b) Stress vs crack opening relationship of SFRC

FIGURE 9 Conceptual model of steel fiber reinforced concrete
(SFRCQ). (a) Force diagram at the crack surface of SFRC. (b) Stress
versus crack opening relationship of SFRC.

The concept of uniaxial tension model of SFRC is illustrated
in Figure 9. As can be seen from the figure, the tensile force
transferring at an opening crack include two parts: (1) the
concrete cohesive resistance (o.(w)) and (2) the fiber
bridging stress (6r(w)). Therefore, the overall response of
SFRC can be expressed in the following equation:

orrc(W) = 6c(w) +or(w) (33)

where oprc is the overall tension stress of SFRC and w is
the crack opening displacement.

The following subsections present the procedure to
simulate the postcracking response of SFRC. Section 3
exhibits the cohesive stress of plain concrete while the
full bridging stress of fibers at crack surface can be
obtained by following the procedures in Sections 3.4.2.2,
3.4.2.3, and 3.4.2.4. Section 3.4.2.5 introduces the method
to combine the cohesive stress of plain concrete and fiber
bridging stress to obtain the overall tension stress
response of SFRC.

GF

w(mm)

wy = Gp/fer

Wy = SGF/fct

FIGURE 10
(stress vs. crack opening displacement).

Bilinear cohesive crack model of plain concrete

Cohesive stress of plain concrete oc(w)

Using cohesive crack models is the simplest method to
describe the fracture process of concrete material. In
those models, it is assumed that a cohesive crack is a ficti-
tious crack able to transfer stress from one side to the
another. As a result, the tension softening behavior of
concrete can be fully described by the relationship
between cohesive stress and crack opening. According to
previous studies in the literature, the bilinear function of
the stress-crack opening law is one of the simplest, yet
reliable, model to capture the softening response of con-
crete material.*>*® The bilinear model adopted in this
study is illustrated in Figure 10, which is governed by
two parameters including the tensile strength of plain
concrete (f,,) and fracture energy (Gr). Those two param-
eters f,, and Grcan be obtained by using the equations
suggested by FIB model*’ and Equations (A3) and (A4)
in Appendix A presented by Bazant and Becq-Girau-
don.** The relationship of stress (o¢) and crack opening
displacement w in the bilinear model can be expressed as
follows:

w GF
—08f,— w<w =—
fct fctwl 1 fct
oc= w—w; SGF
O'cht 702f€tﬁ w<w<w, = f
u ct
0 wy, <w

Crack bridging stress or(w) due to fiber pull out
mechanism

The fiber bridging law can be obtained by integrating the
individual contribution of all fibers across the crack sur-
face as illustrated in Figure 11. Due to the random distri-
bution, the probability density functions of the
orientation of fibers p(6) and the distance between
the crack surface and fiber centroid p(z) are necessary to
be incorporated in the integration. According to Lin and

85U8017 SUOWIWOD aA1eaID (o (dde au Aq peusencb afe sejoiie YO 8sn Jo Sa|nJ Joj AriqiT8uIUO 8|1 UO (SUORIPUOD-PUe-SWe} W00 A3 [IMAReiq 1 [eul|uo//SAny) SUORIPUOD pue sWe 18U} 89S " [7202/0T/60] U0 ARiqiTauliuo (1M ‘Ariqi AIsRAIUN UIIND A 0Y900£202 09MS/Z00T OT/I0P/LLI00" A8 M Aeiq 1 jeulUoy//:SAnY o4 pepeojumod ‘0 ‘8v9.LTS.LT



TRAN ET AL.

*8 the model of fiber bridging cracks can be expressed
in the following equation:

_ 4Vf / / lfé CDS 9
(% Z

0,2)p(0)p(z)dzde

(35)

where P(w,0,z) is the pull-out force of a single fiber at a
crack surface. In the case of uniform random distribution
((#) = sin® and p(z) =%), Equation (35) can be rewrit-
ten as:

GF =

l
8V f/z cosa
— 1 / / P(w,0,z)sinf0dzd0 (36)
Il'Lf df 0=0Jz=

However, the feasibility of analytical derivation of
Equation (36) relies on the complexity of pull-out func-
tion P(w,0,z). To ensure the generality of the model, the
numerical form of Equation (36) according to Gauss-
Legendre quadrature rule® is expressed as follows:

P(w,é?i,zj) sin gilll(gi)l[/(zj') (37)

where 6;,2;,y(6;), and y(z;) are determined from the
Legendre polynomial (as described in Appendix C).

w
[ Fiber ceutroid\’: P (W, 0,z )
1 |
ol Z |
o i [ IR [E— .
g o 9 ’
e
Crack surface
FIGURE 11 Illustration of fiber bridging.
Unbonded region

P

FIGURE 12
diagram of the pull-out response

Schematic

of a single fiber.

(a) Debonding phase

b | 1
CEB-FIP

The detail for calculating the numerical integration can
be found in Appendix A. The fiber bridging model can
be fully obtained when the pull-out response of a single
fiber at the crack surface is determined. The pull-out
function of straight fibers and hook-end fibers are pre-
sented in the below sections.

Pull out behavior of straight steel fiber

This section presents the derivation of the relationship
between pull-out force and crack opening displacement
of straight steel fibers. In this study, it is assumed that
fibers are pulled out from the side associated with the
shorter embedded length.*® The pull-out response of a
fiber includes two phases: (a) debonding phase and
(b) pull-out phase (see Figure 12). The interfacial fric-
tional slip between a fiber and matrix is activated when
the debonding of the fiber occurs. During the debonding
phase, the interface of matrix and the fiber is divided into
two zones consisting of the intact zone and the debonded
zone with length [ as described in the figure. The length
of debonded zone increases with the applying pull-out
force P. When [ reaches the embedded length of the fiber
L, the fiber is debonded completely from the matrix,
which means the fiber is completely pulled out from the
matrix. During the pull-out phase without rupture,
the total rigid-body movement of the fiber is considerably
larger than elastic deformation of the fiber.*** Accord-
ing to the schematic diagram of fiber pull-out response
described in Figure 12, the interfacial slip A between
fiber and matrix can be calculated from the following dif-
ferential equation proposed by Bao and Song™":

d’A_4(1+4n)
d*  Epds

7(A) (38)

where 7 is the interfacial stress between fiber and matrix,
Ey and dy are, respectively, the elastic modulus and diam-
eter of the fiber, and constant 5 is determined by
Equation (39)

Bonded region

A A, IIAsI'p

Before After
debonding  debonding

(b) Pull-out phase
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=L fib

ViEy

n :W (39)

where V; is the volume fraction of fiber. To solve
Equation (38), the constitutive relation between the inter-
facial stress 7(A) and the slip A is required. According to
Le et al.,'” a linear softening relationship should be
adopted for straight steel fibers, and the model is
expressed as follows:

t(A) =1, (1 - ﬂdéf) (40)

where 7y is the frictional sliding shear stress at the tip of
debonding zone where no slip occurs (A =0),  is a non-
dimensional softening parameter, and df is the fiber
diameter. However, the experimental findings of the pull-
out response of steel fibers and concrete matrix demon-
strated an exponential shape instead of linear function.”
Therefore, this study adopted the exponential slip-
softening function proposed by Bao and Song™ for the
interfacial relationship of steel fiber and concrete matrix.
The function is presented as follows:

7(A) = Toe(iﬂ%> (41)

From this relationship, the pull-out model for a
straight steel fiber perpendicular to the crack surface with
the crack opening displacement w is expressed as follows:

V2md? (1 + 1
_ Ly o(1+7n) 1— /3 foro<w<w, (42)
w eXp (Zd )

for the debonding phase, and

_ V2rdizo(1+1n) exp <—ﬁ(u;— Wo))
( / | (43)
(W —Wwy
(tanh\/_f tanh\/jdf>

[0

for the fiber pull-out phase (wg <w < L+ wj), where

__ ViEy
(1—V{)Em

w=1/4(1+n)pro/Ey

4df
w In cosh 44

and P =0 when w > L +wq. Vy, Ef, E;,, and L are the vol-
ume fractions of fibers, elastic modulus of fiber, elastic
modulus of concrete matrix, and embedded length of
fiber in concrete matrix, respectively; and wy is the crack
opening displacement at the instant when the debonding
along full length of the embedded fiber segment
completes.

Equations (42) and (43) are applicable to fibers per-
pendicular to the crack surface. For nonperpendicular
fibers with an inclined angle # as described in Figure 12,
previous studies showed that such orientation signifi-
cantly affects the pull-out force P. It is also found that
due to the snubbing effect, P increases with the increase
of the inclination angle from 0° to 30°.**°' The snubbing
factor agyyp, can be calculated using the following
equation:

Asnup = €? (45)

where f is the snubbing coefficient and taken as 0.9 for
steel fiber.>> However, when the inclined angle 6 is larger
than 30°, the pull-out force decreased significantly due to
the occurrence of matrix spalling phenomenon.’® The
matrix spalling effect can be expressed as:

gpal = (COS )~ (46)

where k is the spalling coefficient and taken as 1.6 for
concrete matrix.’>>* Both snubbing and matrix spalling
effect can be incorporated in the pull-out force equation
as follows:

P(Wa Q,Z) = P(W,G =0, Z)asnubaspal (47)
where P(w,0=0,7) is calculated based on Equations (42)
and (43).

Pull out behavior of hooked end fiber

Experimental findings indicated that hooked-end fibers
exhibit a significantly higher pull-out strength and pull-
out work owing to the anchorage effect of hook
parts.>*>° This study adopts the concept of a frictional
pulley along two plastic hinges to consider the mechani-
cal anchorage of the hook into the pull-out model of
hook-end fibers.>>>® The concept of the model is
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FIGURE 13 (a) Complete
debonding of hooked-end fiber;
(b) complete straightening of the
first part of the hook;

(c) complete straightening of Stage 1
two parts of hook; and

(d) simplified pull-out model of
hooked-end fiber.

Stage 2|
=

illustrated in Figure 13 at which the pull-out phase of
hooked-end steel fibers undergoes the cold work defor-
mation through the plastic hinge to straighten the hook.
From the figure, the straightening process can be divided
into 2 stages. In the first stage (see Figure 13a,b), both
parts of fiber L; and L, are straightened at two plastic
hinges and the corresponding increase of pull-out load
AP; can be determined as follows>>°:

Uyﬂ'df2

AP, (48)

- 12cosyp(1— psin %F)Z

where o, is the yield strength of fiber, u is the kinetic fric-
tion coefficient of matrix and fiber and taken as 0.9, and
yr is the hook angle as described in Figure 13. After stage
2, when the hook part L, is totally pulled out from the
matrix, there is only one plastic hinge of hook part L, is
active. Therefore, the pull-out load drops to P, with the
corresponding increase AP, contributed by only one plas-
tic hinge as follows™>°:

B (ryirdf2
> 24cosy; (1—psin)

(49)

With the contribution of mechanical anchorage pre-
sented above, the extended pull-out model for hooked-
end fiber is described in Figure 13d. For the debonding
phase with 0 <w<wjg, the pull-out force is calculated
similarly to the case of smooth fiber according to
Equation (42). For the straightening contribution from
both plastic hinges with wy <w <wy+ L,, the pull-out
force is calculated as follows:

AP
P:P0+L—1(W—W()) (50)
2

b | 13
CEB-FIP

Wo 1

P

Hooked end fibre

Smooth fibre

vs

1 Wo Wi W, Le/2

—
P,=P, + 4P,

For the straightening contribution from one plastic
hinge with wy+ L, <w <wy+ L, + L1, the pull-out force
is determined by using the following expression:

AP, — AP,

1

P=Py+ AP, + (W—Wo—Lz) (51)

After the straightening process, the fiber is subse-
quently pulled out of the matrix by the same frictional
mechanism as experienced by a smooth fiber as described
in the previous section. However, instead of adopting
Equation (43) for wy+ L, +L; <w<wy+L, the pull-out
force is now simplified by a linear approximation as
follows:

_ Py+AP,
_L1+L2—L(W wo—L) (52)

Py is the pull-out force at the moment when the com-
plete debonding along the full length of the embedded
part of fiber occurs, and calculated based on Equation (42)
as follows:

\/ind}‘ro(l +7)
Py =

1—

foro<w<w, (53)
®

exp (%)

Cohesive model for overall tensile response of SFRC

From Equations (42)-(53), the entire response of the
pull-out behavior of smooth or hooked-end fibers can be
obtained. By substituting those responses into numerical
integration as presented in Equation (37), the fiber bridg-
ing stress response for SFRC is determined. The detailed
example for calculating the model step-by-step is
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“L fib

o(w)

fet

Gy : fracture energy of unreinforced concrete

Gp : energy caused by fibre bridging effect

Wy Lf/2

(a) Softening behaviour when fr, < 0.2f;

o(w)

fet

G : fracture energy of unreinforced concrete

ths
0.2f.¢

Gp : energy caused by fibre bridging effect

Wy Lf/Z

(b) Softening behaviour when f,; > fr, > 0.2f,;

a(w)

Gp : energy caused by fibre bridging effect

wy Lg/2

Wpeak

(c) Hardening behaviour when fr, > fe

FIGURE 14 The simplified concept for steel fiber reinforced
concrete model. (a) Softening behavior when fp < 0.2f ;.

(b) Softening behavior when f; > fr > 0.2f . (c) Hardening
behavior when fp > f .

presented in Appendix A. The overall tensile response of
SFRC can be obtained by summing the cohesive stress of
plain concrete and fiber bridging stress as expressed in
Equation (34). However, this procedure leads to compli-
cated stress—strain curves of SFRC, which is not favorable
for being adopted in the numerical simulation. In this
study, the trilinear and bilinear curves described in

Figure 14 are adopted as those curves were demonstrated
to be simple but effective to model the overall tensile
response of both plain concrete and SFRC.**” To cap-
ture the physical phenomenon of the fiber bridging at
crack, the proposed models illustrated in Figure 14 must
include two parts, where the blue part represents the con-
tribution of fracture energy of plain concrete Gy and red
part is the contribution of bridging energy G, due to
fibers at cracks. G, can be calculated by integrating the
Equation (37) as follows:

W:Lf/2
G, = / e (w)dw (54)

and the numerical form as:

10
G =1 P(wi, 03,27 sin O (0;)w (25w (wie)
OO ==

(55)

In the proposed model, a fictitious tensile stress fp, is
introduced to control the softening and hardening behav-
iors of SFRC, and determined from G, by the following
equation:

2G
ths :Lf—p (56)

27 Wu
where w, is the ultimate crack opening displacement of
plain concrete as mentioned in the previous section. If
frs <0.2f,, the model adopts the trilinear function as
described in Figure 14a. The analytical form of the cohe-
sive cracking stress of SFRC is expressed as follows:

w<w; =—

fe

Wy <W < Wy

w
—0.8f,—
fu= 08y

O'chtwu _thswl o (O'cht _ths)W

Gr
t

Wgts — Wy WEs —Wq
O w)=
FRC( ) f Ftst Zf FisW Lf
— — >W> WEgg

Lf — 2WFts Lf — 2WFts 2

L

0 w> =

2

(57)

where wr is the corresponding displacement at fictious
tensile stress f,, and calculated by

_ths (Wu — Wl)

0'2fct (58)

WEts = Wy

In the case of fp, calculated from Equation (56),
which is larger than 0.2f, but still smaller than f,, the
model will follow the bilinear function as illustrated in
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Figure 14b, and then fp, and wgs are recalculated to
ensure that the area of red part shown in Figure 14b
equal to the bridging energy G,:

Gp+3Gr
ths Ly 8Wl (59)
416
— w
Wis = (fct ths) 1 (60)

Subsequently, the cohesive crack stress model of FRC
described in Figure 14b is determined as follows:

w
fct - (fct _ths)W W < Wrs
Fts
SrsLy 2f psW Ly
= — Wris < W < —
oW =3 T e Ly — 2w rs 2
Ly
0 w>—
2
(61)

In the case of fg calculated from Equation (56)
which is larger than f,, the cohesive cracking stress of
FRC undergoes the hardening behavior as described as
Figure 14c. As the contribution of fracture energy of plain
concrete is negligible in the case of hardening behavior,
the area under stress-crack opening relationship can be
assumed equaling to the bridging energy due to fibers at
cracks G,. Then the peak stress fr, of model is recalcu-
lated as follows:

4Gp — 2Wpeakf o

L (62)

ths:

where Wpea is assumed to be equivalent to the crack
opening displacement at peak stress of fiber bridging con-
tribution. In other words, wyeak is extracted during the
calculation process of fiber bridging stress op(w) by
Equation (37). Then the analytical formula for hardening
behavior is presented as follows:

w
Feaot Frs —Fre) —— W < Wpeak
Wpeak
W — Wpeak Ly
orre(W) = frts _thsti Wpeak <W < 5
? — Wpeak
L
0 w>~2
2

(63)

From Equations (56)-(63), the total response of
stress-crack opening displacement wunder uniaxial

Jib1—

conditions of SFRC can be determined. In general, the
proposed model is simple but effective to capture the
fiber bridging effect through three key parameters includ-
ing Gp, [, and Wpeak. Those parameters are determined
based on the procedures of Sections 3.4.2.2, 3.4.2.3, and
3.4.2.4 and presented in Appendix A.

3.5 | Damage evolution

The determination of damage variables in this study is
based on the definition of the compressive and tensile
variables as the portion of normalized energy dissipated
by damage®~®:

1 Einc 1 Eint
d, (e deine: di = — / oi(em)dem  (64)
0

7g_c 0 8:

where e, and e, are inelastic compressive (crushing)
and tensile (cracking) strain, respectively; and g, and g,
are, respectively, the total energies per unit volume dissi-
pated through the entire deterioration process of com-
pression and tension:

u

gc:/ Gc(ginc)dginc;g[ :/ Gt(gint)dgint (65)
0 0

By substituting the compressive hardening rule in
Equation (27) into Equations (64) and (65), the normal-
ized crushing energy and compressive damage variable of
SFRC can be determined in Equations (A12) and (A13) of
Appendix A.

For the tension behavior, the cracking strain is deter-
mined from the crack opening displacement w based on
the crack band theory. The fundamental feature of the
crack band theory is that the given constitutive relation
with cracking strain must be associated with a certain
width [, of the crack band (as illustrated in Figure 15)>°:

w
Einc — 57— (66)
leg

where [, is a material constant representing the crack
band width. By substituting Equation (66) into the inte-
grations of Equations (64) and (65), the tension damage
variable can be calculated as:

_GF+GP

Ly (67)

8

1 w
d[ —GFTGP/(; Ut(W)dW (68)
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FIGURE 15 Illustration of crack band theory.

where Gr is the fracture energy of plain concrete, G, is
the energy caused by bridging effect of fibers, and o,(w)
is the total tension stress of FRC opgc(w), which is deter-
mined by the equations presented in Section 3.4.2.5.
Then, through the substitution of Equations (56)-(63)
into Equation (68), the analytical formulas of tension
damage variable can be obtained and presented in
Appendix B.

In numerical simulation, [, is normally taken as the
length of the smallest element.*®>® This ensures that only
a single crack band or crack occurs in each finite ele-
ment.®® However, if loq is selected based on element size,
this will lead to the inaccuracy in predicting the post-
crack behavior of concrete in the following two cases:

1. Element size is larger than the realistic maximum
crack spacing.

2. Element size is smaller than the realistic minimum
crack spacing.

In the first situation, there might be more than one
actual crack localizing inside each finite element as seen
from Figure 16a. This means that the large element size
can result in the underestimation of energy dissipation
during postcrack stage. Meanwhile, the very fine element
size can lead to the prediction of higher number of cracks
in an actual crack band as shown in Figure 16b. Hence,
the energy dissipated during postcrack stage is overesti-
mated and the stiffer response compared to actual behav-
ior is obtained. Based on those reasons, two limits on the
band width are introduced as follows Ly <leg < Lmax,
where Ly, and Ly, are the minimum and maximum
crack spacing, respectively. The minimal limit Lp;, can
be related to the internal structures of the material and
recommended from a, to 3ag, where a, is the maximum
aggregate size. In practice, Ly ranges from 10 to 50 mm.
The maximum limit Lp,x should correspond to the

Wz ';“'—‘ v
)

' Large element
size

crack spacing

(a) Element size larger than the maximum crack spacing (image adopted from [61])

More than one elements to

crack spacing of micro cracks __
o capture one actual crack

(b) Element size smaller than the minimum crack spacing (image adopted from [61])

FIGURE 16 Two problems when using inappropriate element
size (a) Element size larger than the maximum crack spacing

1.

(image adopted from Cervenka et al.>") (b) Element size smaller

than the minimum crack spacing (image adopted from Cervenka
et al.o").

typical crack spacing of concrete structures adopting rein-
forcing bars. It can be estimated from spacing of reinfor-
cing bars in each structural element. In general, if the
element size is in the range between L,y and Lyay, Ly
corresponds to the element size. In other cases, l.; equals
Lax for coarse elements and Ly, for fine elements.

4 | NUMERICAL VERIFICATION

The steps of deriving the corresponding SFRC material
parameters based on the fiber and concrete
material properties and fiber configurations are given in
Appendices. After the completion of model derivations, it
is significant to verify the proposed model against experi-
mental data in terms of both the material and structural
scales. In this section, the reliability of the model is vali-
dated by comparing the numerical results with experi-
mental data from material and structural tests. The above
derivation is adopted to modify the CDPM in Abaqus.

4.1 | Verification with material tests

4.1.1 | Uniaxial compressive tests

The experimental results of the uniaxial compressive test
from the previous study are selected for verification.®®
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TABLE 1 Mat(.erlal pro;g;:mes of L; (mm) d; (mm) E; (GPa)
fibers for compressive tests.

50 0.62 210

RC80/50-BN: 50 mm "

L
p.

H

(@) Test setup (b) Numerical model

FIGURE 17
uniaxial compressive tests. (a) Test setup. (b) Numerical model.

Numerical models and experimental setup of

The compressive strength of plain concrete matrix was
49 MPa. The properties of hooked end steel fiber are pre-
sented in Table 1. The height and diameter of cylinder
specimens were, respectively, 300 and 150 mm, and the
test setup is illustrated in Figure 17a.

For the numerical model by using Abaqus, a three-
dimensional eight-node linear brick solid element
(C3D8R) with integration reduction is adopted to simu-
late the cylindrical specimens as describe in Figure 17b.
The displacement-controlled loads are employed in the
model as per the experiment. The model converged at
element size of 10 mm after carrying out a convergence
test, therefore, it is adopted for modeling all cases.

The numerical results are verified with the test data
and plotted in Figure 18. It can be seen that the stress—
strain curves of numerical models agree well with those
obtained from experiment in all cases with different vol-
ume fractions of fiber. This indicates that the modified
model can capture the effect of volume fraction on post-
peak behavior of SFRC under uniaxial compression.

4.1.2 | Uniaxial tension tests

Uniaxial tension tests (Figure 19a) from another study
are adopted to verify the capability of the proposed model
for capturing the tension behavior of SFRC. The experi-
ment was conducted by Amin et al.°®> with two types of
commercially available steel fibers including hooked-end
(HE) Dramix® RC-65/35-BN cold-drawn wire fibers and

OL13/0.20 straight (S) high carbon steel fibers. The com-
pressive strength of the concrete matrix was 60 MPa and
the properties of fibers are summarized in Table 2. The
maximum size of aggregate a, was 10 mm, thus the mini-
mum limit for crack band width L, is taken as a,. For
validation purpose of material tests, since the element is
normally meshed finely, the maximum limit is not neces-
sary to be considered.

To reduce the simulation time, the uniaxial tension
tests are simulated in 2D plane stress condition using a
mesh comprising 2028 three-node triangular elements
as shown in Figure 18b. The previous studies indicated
that using 2D plane stress can reliably simulate the
uniaxial response.'”'® The size of element in the mid-
dle of specimen is 5 mm which is smaller than L.
Therefore, the crack bandwidth [,; must equal L;,. The
comparison of numerical results and experimental data is
illustrated in Figure 20. Three parameters 7o, §, and o, to
determine the pull-out behavior of straight and
hooked-end steel fiber are calibrated based on the test
data of specimen reinforced with 0.5% volume fraction
of fibers (as shown in Figure 20a,c). Subsequently,
those calibrated parameters are used for the case of 1%
volume fraction of fibers. The results from Figure 20
show a fair correlation between numerical findings
and test data for different types of fibers with volume
fractions ranging from 0 to 1%. This indicates that the
three parameters 7, §, and o, calibrated in the case of
0.5% fiber volume fraction can be used to simulate
softening-behavior of SFRC with higher fiber volume
fraction up to 1%. In future, if more data are available,
recalibration for a similar fiber volume fraction should be
carried out.

Meanwhile, the incorporation of high-volume frac-
tion of fibers may lead to the strain-hardening response
of SFRC. To evaluate the capability of the proposed
model for capturing the strain-hardening response, the
results from uniaxial tensile tests conducted by are used
for verification. The test setup is illustrated in Figure 21a
while the numerical model is presented in Figure 21b.
The properties of fibers are tabulated in Table 3. The cali-
bration for three parameters 7o, f, and o, is conducted
based on the test data of specimen reinforced with 2%
volume fraction. The calibrated values of those parame-
ters are summarized in Table 2. The comparison between
the numerical results and experimental data is plotted in

85U8017 SUOWIWOD aA1eaID (o (dde au Aq peusencb afe sejoiie YO 8sn Jo Sa|nJ Joj AriqiT8uIUO 8|1 UO (SUORIPUOD-PUe-SWe} W00 A3 [IMAReiq 1 [eul|uo//SAny) SUORIPUOD pue sWe 18U} 89S " [7202/0T/60] U0 ARiqiTauliuo (1M ‘Ariqi AIsRAIUN UIIND A 0Y900£202 09MS/Z00T OT/I0P/LLI00" A8 M Aeiq 1 jeulUoy//:SAnY o4 pepeojumod ‘0 ‘8v9.LTS.LT



TRAN ET AL.

18 | b
CEB-FIP

60 ‘ T T j ' 60

FIGURE 18 Verification

m— Simulation
® Test |
50

=40r ?40_
2 5
> 30 <30t
g 3
& 2
201 ;)20_

with test results (compression

m—— Simulation
® Test ]

behavior) obtained from
Susetyo.” (a) V¢ =0.5%,
(b) Vs =1%, and (c) Vy =1.5%.

0 ! ! ! i !
0 0.002 0.004 0.006 0.008 0.01 0.012 0
Strain

70 T T
m—— Simulation
60 o®%e0 ®  Test 1

wn
[=1

Stress (MPa)
w s
(=} f=]

20 -

0 I I I I I
0 0.002 0.004 0.006 0.008 0.01 0.012
Strain

(©) Vr=15%

'P

Universal
joint
h
i == ]

—
~

0.002 0.004 0.006 0.008 0.01 0.012

Strain

FIGURE 19
models and test setup of uniaxial
tensile tests conducted by Amin
et al.%® (a) Details of tensile
specimens and test setup.

(b) Numerical model of tensile
specimens.

Numerical

(b) Numerical model of tensile

(@) Details of tensile specimens and test setup

Figure 22. It can be seen that the stress—strain curves
obtained from the finite element model give a fair agree-
ment with the test data. When the volume fraction of
fibers is lower than 3%, the model can capture well the
behavior of SFRC. With higher volume fraction up to 6%,
the peak stress of the curve still can be successfully pre-
dicted by the proposed model while the ascending branch

specimens

of the curve is not well simulated. This discrepancy in
the tension stiffness as shown in Figure 22 can be attrib-
uted to the simplification of the strain-hardening behav-
ior of SFRC wunder tension as mentioned in
Section 3.4.2.5. The bilinear function as described
in Figure 14c might not be appropriate to capture accu-
rately the shape of strain hardening stress-strain curve of
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TAB L(f 2 The properties of Labels Fiber configuration 70 (MPa) g oy (MPa)
Dramix~ RC-65/35-BN and
0OL13/0.20.53 OL13/0.20 Ly =13 1.6 001 NA
E; = 200,000 MPa
RC-65/35-BN Ly=35 1.6 0.01 600
ve = H
A =255
L, =222

1= 0.65 (friction coefficient between

fibre surface and concrete)

E; = 200000 MPa
FIGURE 20 Verification ‘ 5 L
with test results (direct tension m— Simulation e Simulation
with low fiber volume fraction) 4 ® Teshdata 4 ® Testdata
obtained from Amin et al.% o~ =
(a) Straight fiber with V; =0.5%. E 3 E 3
(b) Straight fiber with Vy =1%. ~ =
(c) Hooked-end fiber with 82 82
V=0.5%. (d) Hooked-end fiber w v
e 1 N | N

0 { - n 0 : :
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SFRC. Further studies can be conducted in future to
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Crack openning displacement (mm)

(a) Straight fibre with V; = 0.5%

g} —
Simulation

4 ®  Testdata

3
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Crack openning displacement (mm)

(c) Hooked-end fibre with Vr =0.5%

scaled fiber reinforced

Crack openning displacement (mm)

(b) Straight fibre with Ve =1%

S imulation
4 ? ®  Testdata

Stress (MPa)

0 2 4 6 8
Crack openning displacement (mm)

(d) Hooked-end fibre with Vy = 1%

concrete beams with T

improve the model with higher fiber volume fraction.

4.2 | Verification with structural tests

To further verify the proposed model in a large scale with
a complex stress state, the experimental data of large-

section from the previous study® is adopted. The details
of beam dimension and reinforcing rebars are presented
in Figure 23. Hooked-end steel fibers with 0.75 mm in
diameter and 60 mm in length were used in that study.
The details of fiber geometry are presented in Table 4.
The specified yield strength of longitudinal and trans-
verse reinforcing steel bars was 500 MPa. The cylinder
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compressive strength of concrete without fiber reinforce-
ment was 23.6 MPa. Further details for test setup can be
found in the reference.®

The numerical model adopts the truss elements
(T3D2) and solid elements (C3D8R) to model reinforcing
bars and concrete beams, respectively. The interaction
between rebars and concrete is modeled by the
Embedded Region Constraint function. The elasto-plastic
material model is adopted to model the steel bars. A
mesh size convergence test is carried out, and finally, the
most appropriate mesh size for the whole model is
selected at 10 mm (see Figure 24). Three parameters 7o,
p, and o, are calibrated based on the test data of speci-
men reinforced with 0.75% volume fraction. Those cali-
brated values are adopted in the numerical simulation of
specimens reinforced with 1% fiber volume fraction.

The comparison between the numerical results and
test data is plotted in Figure 25. The initial stiffness of
beams from the numerical models is higher than that
of tested beams. The similar phenomenon was reported

t Displacement controlled load
A
Loading Rigid Plate
plate
Connecting
4 plate
Specimen

FRC specimen

240 mm

20 mm

Rigid Plate

x

‘ Pin

(a) Test setup (b) Numerical model

FIGURE 21 The uniaxial tests conducted by Zongjin et al.%*
and numerical model proposed in this study. (a) Test setup and
(b) numerical model.

Labels Fiber configuration 7o (MPa)
Dramix 1 Lp=30 14
ve = H
P/L'l =22
Ly=2

1= 0.65 (friction coefficient between
fibre surface and concrete)
Ef =200000 MPa

in the previous study.®®®” The main cause of the phe-
nomenon might be attributed to the fact that the actual
elastic modulus of concrete from the tests might be smal-
ler than that determined by the empirical Equation (A2).
Furthermore, the imperfections in the boundary condi-
tion of test setup of experiment such as inaccuracy of
alignment or poor contact of supports and specimen can
lead to the low stiffness behavior at the beginning of the
test.°” Due to the assumption of ideal conditions of test
setup, the numerical models might not reflect the actual
initial stiffness of the tested beams. However, in terms of
the load-carrying capacity, the proposed model can yield
a good prediction and capture the effect of fiber on the
beam capacity.

The failure mode of test specimens and damage con-
tour of the beams is visualized in Figure 26. It can be
seen that the beam without fiber reinforcement fails by
diagonal tension failure with the formation of a single
inclined crack (see Figure 26a). The tension damage con-
tour of numerical beam without fiber shows the agree-
ment with crack profile captured from the tests.
Meanwhile, the results of beam with 1% of fiber rein-
forcement indicate the uniform distribution of tension
damage through the shear span of the beam. This can be

10
o ©© 0000000,
8 4
g 6 -
= me— Simulation, Vf=2%
@2 ® Test, Vf:2%
(o]
E 4 Simulation, V =3% 1
n £
o Test, Vf:3%
— Simulation, Vf:6%
2 o Test,V=36% ]
0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
Strain (%)
FIGURE 22 Verification with the test results (direct tension

with high fiber volume fraction) obtained from Zongjin et al.**

TABLE 3 The properties of Dramix

o, (MPa)
g Y fiber used in previous study.**

0.01 700
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TABLE 4 ;Fshe properties of hooked Labels Fiber configuration 79 (MPa) p oy (MPa)
end steel fiber.
Dramix 1 Ly =60 0.97 0.01 900
ve H
A 2,42
L, =295

1 = 0.65 (friction coefficient between
fibre surface and concrete)

E; = 200000 MPa

FIGURE 24
of the T-beams.

3D FEM model

¥,

explained that due to bridging effect of fibers, the open-
ing of the first tensile crack is postponed, and thus more
diagonal cracks are formed. Therefore, the tension dam-
age can be transferred through multiple cracks instead of
a single critical crack. The crack profile of the tested
beam demonstrated the numerous inclined cracks
formed in the shear span, which can be equivalent to the
uniform damage from the simulation. It is noted that
the proposed model could not visualize the formation of
discontinuous cracks because the continuum damage
mechanics theory is adopted for capturing the stress-
strain response of element.®® This issue was also reported
in previous studies where the cracks could not be

visualized.!”>® However, the model is still able to reflect
reasonably the stress transferring response of SFRC
beams. At failure, the beam reinforced with fiber fails by
combining shear and compressive flexural mode as
described in Figure 26b. The model is also able to capture
the compressive damage due to the bending response
(see Figure 26b).

5 | CONCLUSION

A new approach to modify CDPM for simulating SFRC
structures is proposed in this study. Although the
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approach is derived for capturing the effect of steel fibers,
it is a generic procedure and can be adopted for different
types of fibers. The most significant contribution of this
work is to analytically incorporate the bridging effect of
fibers in SFRC.

400 T T T T T T
350 b
300 [ ]
_250¢ 1
Z
=
B 200 — Simulation, Vi=0% i
=)
— 150 * Test,\/fzo% ]
— Simulation, V{: 0.75%
100 m  Test, Vf= 0.75% i
Simulation, Vf= 1%
50 e Test,V,.=1% ]
0é ! ! . s ‘
0 5 10 15 20 25 30 35
Midspan displacement (mm)
FIGURE 25 Verification of the proposed model with

experimental beam test from Sahoo et al.®®

— Diagonal- w
——:-'" .

"

Tension damage

@ Vr=0%

In terms of the yield function and plastic flow rule,
the confining effect of fiber is integrated into the ratio of
biaxial and uniaxial strength and the dilation angle.

For the compressive hardening/softening rules,
empirical equations from the previous study are adopted
to model the improvement in ductility, toughness, com-
pressive strength, and strain at the peak load due to fiber
reinforcement. Meanwhile, the bridging mechanism of
fiber is incorporated in the tension softening curve
of SFRC. The bridging mechanism is derived based on
the integration of entire pull-out contribution of individ-
ual fiber at crack surfaces. The main parameters of the
model including 7y, #, and o, are calibrated from material
tests. According to the calibration, it can be recom-
mended that f# is not sensitive in all cases and can be
taken as 0.01, yield strength of fiber o), ranges from 600 to
900 MPa, and 7, is related to the compressive strength f,
in the following relationship 0.2\/]:’5 By adopting the
recommended parameter in the modified model, the
response of SFRC with the variation of fiber volume frac-
tion (up to 6%) and geometry can be simulated without
conducting further material tests.

The damage evolution laws are derived based the por-
tion of normalized energy dissipated by damage.'**
Through the verification with experimental data, the pro-
posed model demonstrates its capability to simulate the

DAMAGET

(Avg: 75%)
+9.144e-01
+8.313e-01
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+6.650e-01
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of the tested beams®® and

Crack profile

damage contour of simulated
beams (a) Vy= 0%
and (b) V= 1%.
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effect of fiber parameters on the response of SFRC
structures.

NOTATION

a parameter in yield function governing the
biaxial compressive stress state

p nondimensional softening parameter in slip
model

y parameter in yield function governing the tri-
axial compressive stress state

YF Hook angle

Epc equivalent compressive plastic strain

Ept equivalent tension plastic strain

el strain at the peak stress of SFRC

e strain at the peak stress of plain concrete

0 fiber orientation

u friction coefficient of matrix and fiber

G (pc) effective compressive cohesion stress

effective tension cohesion stress
0 max maximum of principal stress

orrc(w)  overall tension stress of SFRC

oc(w) plain concrete cohesive stress

or(w) fiber bridging stress

o residual postcracking tensile stress

O ultimate strength of fiber

oy yield stress of steel fiber

70 frictional sliding shear stress at the tip of
debonding zone

Ty ultimate bond strength between fiber and
concrete matrix

W dilation angle of plain concrete

wr dilation angle of SFRC

d. compressive damage variable

d; tension damage variable

dy fiber diameter

E. elastic modulus of plain concrete

Ef elastic modulus of fiber

Egrc elastic modulus of SFRC

f snubbing coefficient

e equibiaxial compressive strength of plain
concrete

tiber equibiaxial compressive strength of SFRC

fiiber uniaxial compressive strength of SFRC

f. uniaxial compressive strength of plain
concrete

12 initial yield stress of SFRC

fa uniaxial tensile stress

S rts fictitious tensile stress of SFRC

Gr fracture energy of plain concrete

Gp total bridging energy of fibers

k spalling coefficient

Ly fiber length

L, critical length of fiber

Jibl—

leg crack band width

K. ratio of second invariant on tensile meridian
and compressive meridian

q mises equivalent effective stress

p effective hydrostatic pressure

P(w,0,z) pull-out force of a single fiber at a crack
surface

Vi volume fraction of fibers

w crack opening displacement

wy ultimate crack opening displacement of plain
concrete

Z distance between the crack surface and fiber
centroid
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APPENDIX A

A1l | Procedures for calculating parameters of the
proposed CDPM-based model
« Step 1: Input the required material properties

A.11. | For fiber

Straight fiber
Straight fibre

ly

I, |

Ep is elastic modulus of fibre
Vris volume fraction of fibre

Fracture energy of plain concrete®’

B f/c 0.46 d, 022 o 03
Cr=36 <0.051 TRy (c) (A4)

Elastic modulus for SFRC

Errc =EfV/6+Ec(1—V;/6) (A5)

Compressive strength of SFRC

[ (Viap) =fio(1+4(Ve) da(ar))  (A6)

Hooked-end fiber
Hooked-end fibre

1 = 0.65 (friction coefficient between
fibre surface and concrete)
Ej is elastic modulus of fibre

A.1.2. | For concrete

f. (compressive strength of plain concrete in MPa), d,
(maximum aggregate size in mm), ¥ (water to cement
ratio).

Strain at the peak stress of plain concrete®’

Strain at the peak stress of SFRC

e (Vr.ar) = el (1+ A (Vy) dae (ar)) (A7)

o125xVy
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affZO 0.5
A =|— A9
(o)=Y (49
p225x Vs

%JVﬁ_iox%&ﬂ;ﬁﬁw—OOWﬂ (A10)
y) (a): LZO ’ (A11)
ae \Uf 30

A.1.3. | For the interface between concrete and

fibers

The frictional sliding shear stress at the tip of debonding
zone 7y and a nondimensional softening parameter § are
determined based on the calibration of uniaxial tensile
tests in Section 4.

fibl =

« Step 2: Determine the parameters for the plasticity part
of SFRC
+Calculate the ratio fi*/fiT hased on Equa-
tions (15) and (17).
+Calculate dilation angle y! based on Equations (17),
(25), and (26).

« Step 3: Determine the compressive hardening/
softening rules and compressive damage evolution

+ Adopt the values of fT and P determined in Step
1 to calculate the curve of stress versus inelastic compres-
sive strain of SFRC based on Equations (27)—(30). The
initial yield stress f? is taken as 0.6f1",

+ Calculate the normalized crushing energy of SFRC
as follows

FIGURE A1l Flowchart A
for calculating the bridging
stress op(w).

M = 10; N =10; Input crack opening displacement w and
parameters of concrete and fibre properties inputted in Step 1

'

Create the array of M integrating and weighting points for inclined fibre angle

[6;] ranging from 0 to =, [1) (6;)] according to the Appendix C

—

i=10:(w)=0

Return the value of op(w) i<M+1

Y

Create the array of N integrating and weighting points for the distance between the crack

surface and fibre centroid [Z j] ranging from 0 to %fcas(ﬁi) and [1/) Z /)]

J<N+1
V‘

Calculate P(w, 0;, Zl-) based on Egs. (42)-(47);

8V
2
mLr(dy)

S;=S;+ P(w,6;,z;) sin0;y (Z;) (According to Eq. (37));

j= i+,

or(W) = ap(W) + S; Y (6;) (According to Eq. (37));
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FIGURE A2 Flowchart B
for calculating the bridging

energy Gp.

P = 10; Input parameters of concrete and fibre properties
inputted in Step 1

:

Create the array of P integrating and weighting points for crack opening

displacement [wy ] ranging from 0 to %f, [y (wy)] according to the Appendix C

:

k=1:G,=0

k<P+1 <

Y

Calculate o (wy,) based on Flowchart A

Gp = Gpt op(wy) P (wy) according to Eq. (55)

l

k=k+I;

!

Return the value of bridging
energy Gp, and an array of
bridging stress op(W) =>
extract Wp,, corresponding
to maximum stress (W)

A

@ FIGURE A3 Flowchart C
for determining the tension

softening and damage curve of

Input bridging energy Gp calculated by Flowchart B and .
parameters of concrete and fibre properties Steel fiber reinforced concrete.

!

Calculate the fictious tensile stress fr;s
fres = Lﬁi from Eq. (56)

- =W,
2 Yu

Choose model 1 (Fig. 14a)
Tension softening curve determined from Eqgs. (56)-(58)
Damage evolution determined from Egs. (B1)-(B6)

Choose model 2 (Fig. 14b)
Tension softening curve determined from Egs. (59)-(61)
Damage evolution determined from Eqs. (B7)

Choose model 3 (Fig. 14c)
Tension softening curve determined from Egs. (62) and (63)
Damage evolution determined from Eqs. (B8)-(B10)
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Yo 1-Yo
8= B, T aB,

1-Y,
~A(B,+B,)

(A12)

+ Subsequently, use g. in Equation (64) to calculate
the compressive damage variable of SFRC as follows

1{Y, 1-Y,

Lo, 1-— YO YO exp(—BzX)
g\ B AB

d.= —
¢ " A(B+B,) B,

(1-Yo)exp(—B1X) (1—Y,)exp(—(B1+B,)X)
B (AB)) A(B1+B,)

(A13)

where X =< (¢ . is the inelastic compressive strain at
the peak stress) and the constants A, B;, and B, deter-

mined in Equations (28)-(30)

+ Step 4: Determine the tension softening rules and ten-
sion damage evolution of SFRC

-+ Adopt the inputs in Step 1 for the calculation in
flowcharts in Figures Al, A2, and A3

+ Calculate the bridging stress op(w) based on
Flowchart A

+ Calculate the bridging energy G, based on
Flowchart B

+ Determine the tension softening and damage
model of SFRC based on Flowchart C

di = § Dyw — Djw? — Dywgys + Dyw?, +0.5(f o + f s ) Wrts

fibl =

<fczw 0. 4fct ) GF
w<w; =—
Gr+ Gp ' fa
D1W — D21/1)2 — D1W1 + DzW% + 0'6fctwl
d— Gri G, Wy <W < Wrts
2 2
— — L
D3w — Dyw* — D3Wgs + Dawiy + Ds W <W < Ly
Gr+Gp 2
L
1 w= 'l
2
(B1)
where
D, = O-chtWFts _thsW1 (BZ)
Wgts — Wy
0.2f .. —
D2 =0.5 fct ths (B3)
Wgts — Wy
Le
D;= Sris f (B4)
Ly — 2wps
Dy= fFitS (B5)
Lf — ZWFts

Ds= O~6fctW1 +O'5(WFtS - Wl)(o'zfcl +ths) (B6)

and fp and wg are, respectively, determined by Equa-
tions (56) and (58) in Section 3.4.2.5.

In the case of f,, > fr, > 0.2, the formula of tension
damage variable is presented as:

Ly (B7)

APPENDIX B

The damage evolution function of SFRC is derived by
conducting the integration of Equations (67) and (68).
If fr <0.2f;, the tension damage variable is given as:

Gr+G,

WEts <W<?

where the calculation of D and D) is similar to that of
D; and D,, in which the value of ff, and wg is deter-
mined from Equations (59) and (60).

In the case of fr;, > f;, the formula of tension damage
variable is expressed as:
where
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30 | ﬁb TRAN ET AL.
fctw +ths _fct W2
2Wpeak w<w
Gr+G, peak
dt - D6W - 1)7“)2 - D6Wpeak +D7W§)eak + O-S(fc[ +thS)Wpeak Lf (BS)
w, <w< —
GF + Gp peak 2
L
1 w= l
2
Dg = f FisLf (B9) TABLE C1 The Gauss points and weights with n = 10.
Lf — 2Wpeax
Xi Vi
th 40.1489 0.2955
_ S

D7 = Ly — 2Wpeak (B10) +0.4334 0.2693

+0.6794 0.2191

and fp, and Wy are determined by Equation (62) and 10.8651 0.1495

Flowchart B, respectively. 10.9739 0.0667

APPENDIX C 2

Vi= (C3)

The method to determine the integrating points and
weights in Equations (37) and (55) including fiber orien-
tation 0;, distance z;, and crack opening displacement w;
is presented in this Appendix.

The numerical integration of arbitrary function f(x)
with the range [—1 1] by using Gauss quadrature is
expressed as follows”":

1= [ rwas— iwﬂxo ()

where n represents the number of Gauss points. Gauss
quadrature integration yields exact values of integrals for
polynomials of degree up to 2n— 1. In this study, using
10 points is sufficient to obtain the accurate results. The
Gauss points x; is the i —th root of Legendre polynomial
P,(x) determined as below:

Palx) :zni (Z) <(n+kk— 2)/2)xk )

k=0

and the weights are given by the following formula:

(1—x) [P, ()]

Based on MATLAB code,* the 10 Gauss points and
weights are determined and presented in the Table C1.

If the limits of integration are arbitrary, for example,
range of fiber orientation 6, distance z, or crack opening
displacement w in Equations (37) and (55) is [ab], the
integration points 6;, z;, w; are determined by the follow-
ing equation:

a+b b—a
0; or z; or w; :%—FTM (C5)

and the new weights y*" in range [ab] is calculated as
follows:

b—a
i ="y, (C6)

By using Table C1 and Equations (C5) and (C6), 8;, z;,
and w; and weights can be determined.
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