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Abstract. Portland cement concrete, which has higher strength and stiffness than asphalt concrete, has
been widely applied on pavements. However, the brittle fracture characteristic of cement concrete restricts
its application in highway pavement construction. Since the polypropylene fiber can improve the fracture
toughness of cement concrete, Polypropylene Fiber-Reinforced Concrete (PFRC) is attracting more and
more attention in civil engineering. In order to study the effect of polypropylene fiber on the generation and
evolution process of the local deformation band in concrete, a series of three-point bending tests were
performed using the new technology of the digital speckle correlation method for FRC notched beams with
different volumetric contents of polypropylene fiber. The modified Double-K model was utilized for the first
time to calculate the stress intensity factors of instability and crack initiation of fiber-reinforced concrete
beams. The results indicate that the polypropylene fiber can enhance the fracture toughness. Based on the
modified Double-K fracture theory, the maximum fracture energy of concrete with 3.2% fiber (in volume) is
47 times higher than the plain concrete. No effort of fiber content on the strength of the concrete was found.
Meanwhile to balance the strength and resistant fracture toughness, concrete with 1.6% fiber is
recommended to be applied in pavement construction.

Keywords: concrete; polypropylene fiber; three-point bending beam; pressure-cracking mouth opening
displacement (P-CMOD); fracture

1. Introduction
1.1 Research background
Portland cement concrete, which has higher strength and stiffness than asphalt pavement, has

been widely applied on pavements. However, the brittle fracture characteristic of cement concrete
restricts its use in the high grade pavement construction. Since the polypropylene fiber can
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improve the fracture toughness property of cement concrete pavement, Polypropylene Fiber-
Reinforced Concrete (PFRC) is drawing more and more attention in pavement construction. Lots
of researches have been conducted on the mechanical properties and durability of polypropylene
fiber-reinforced concrete (Banthia and Nandakumar 2003; Katz and Bentur 1994; Tavakoli 1994;
Toutanji 1999). Ramli et al. (2013) studied the durability of fiber-reinforced concrete in harsh
environments. However, most studies were still focused on its basic performances, including the
compressive strength, bending strength, frost resistance and impact resistance. There was few
study involved in the fracture resistance of concrete, especially with varied volumetric contents of
fiber. Usually, laboratory experiments were conducted to determine a proper content of fiber in the
reinforced concrete, which is time-consuming and energy-exhausting. It would be beneficial for
the fiber reinforce concrete structure construction if a theory can be utilized to quantitatively
evaluate the fracture resistance of FRC and to guide the addition of fiber in cement concrete.

Fracture mechanics is a powerful tool for modeling the nonlinear fracture behavior of quasi-
brittle materials subjected to a limited load. The solid fracture mechanics was first introduced by
Griffith in the glass fracture. With the development of computational solid mechanics, the solid
fracture mechanics has been more and more important in the evaluation of structure safety.
Dugdale (1960) extended the application of fracture mechanics in the metal materials. Kaplan
(1961) first introduced fracture mechanics to analyze the fracture of concrete. However, some
researchers disagreed with the perspective that linear fracture mechanics could simulate the
fracture behavior of cement concrete (Kesler and Naus 1972) and proposed many nonlinear
fracture mechanics models. Based on the finite element method (FEM), Ngo and Scordelis (1967)
introduced the separation cracking model to simulate the fracture behavior of the cement concrete.
They suggested that the element nodal would be separated when the nodal force exceed the
maximal strength. Rashid(1968) considered that the nodal separation should be led by the
maximum principal stress, and such rotation cracking behavior could be explained by the
separation cracking model. The most famous fracture model was proposed by Hillerberg et al.
(1976), called Fictitious Crack Model (FCM). This model could simulate the softening behavior
during the cracking evolution, and was widely utilized to investigate the fracture behaviors of
concrete and rock. Oh and Bazant (1983) developed a new finite element fracture model called
Blunt Crack Band Model, which could attenuate the sensitivity of mesh partition in FE calculation.
The Double-K model (Jenq and Shah 1985) offers the possibility to predict the whole process of
the fracture evolution and instability of the concrete material and structure, and has been proven to
be effective in many cases (Zhang and Xu et al. 2007; Kumar and Pandey 2012; Ince2010a,
2010b; Jolivet et al. 2007; Kumara and Barai 2009). Xu and Reinhardt (1999a, 1999b, 1999c,
2000) proposed that the three-point bending beam test is an accurate, simple and convenient
standard test to obtain Double-K fracture parameters. However, the double-K model has been
rarely utilized to investigate the softening behavior of polypropylene fiber-reinforced concrete.

It is well known that with the loading increasing, a local high strain band would manifest
gradually in the concrete, even in polypropylene fiber—reinforced concrete structure, which has
always been considered as an inevitable precursor of brittle fracture (Rouchier et al. 2013). The
micro-crack and damage behavior could happen in the local high strain band, while the other zone
of the structure is still under elastic state (Hutchinson and Suo 1992; Beuth 1992; Zhu et al. 2012).
The evolution of the local high strain band must be tracked in order to evaluate the fracture
toughness of brittle fracture materials such as concrete and rock.
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1.2 Objective and scope

The objectives of this paper are to investigate the fracture behavior of polypropylene fiber
reinforced concrete and to propose a proper content of such fiber in a specific concrete to
guarantee great fracture toughness, as well as good strength. The digital speckle correlation
method was employed to monitor the whole experiment process and to observe the initialization
and evolution of local high strain band in concrete with different volumes of polypropylene fiber
contents. The length values of the local high strain bands in concrete were measured and then
employed to calculate the fracture toughness using the concrete fracture mechanics. This paper
also provided an alternate method in evaluating the fracture behavior of fiber-reinforced concrete.
The Double-K fracture theory was utilized to calculate the fracture energy of concrete, which
explored the different softening behaviors of fiber-reinforced concrete with different fiber
contents. In the end, an appropriate fiber content was recommended for the fiber reinforced
concrete so that the concrete obtained good strength and toughness to resist fracture.

2. Test of three-point bending beams

2.1 Preparation of polypropylene fiber reinforced concrete beam

The concrete used in this paper have different volumetric contents of polypropylene fibers,
including 0%, 0.2%, 0.4%, 0.8%, 1.6%, 3.2%. The concrete beam sketch is shown in Fig. 1. The
size of each beam is as follows: L = 700 mm, D = 150 mm, H = 75 mm. The size of initial notch is
as follows: a = 75 mm, w = 5 mm. Wooden molds were used to make concrete beams. The FRC
beams were kept in the curing room for 28 days. The following materials were used in the
specimen of three-point bending FRC beam: ordinary portland cement, river sand, crushed stone
with the maximum size of 10.0 mm, silica powder, water-reducing admixture and tapwater for
mixing and curing. The polypropylene fibers with a length of 6.0 mm and a diameter of 0.175 mm
were added to cement concrete, as shown in Fig. 2.

Fig. 1 The Sketch of specimens
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Fig. 2 The polypropylene fiber used in the test

2.2 Laboratory test

According to the ASTM E399-09 (2009), the FRC beams are notched after molded and cured.
Then the FRC beams are employed in the three-point bending tests in the MTS 810 (Material test
system 810) produced by USA, whose maximum load is 100 kN (see Fig. 3). According to ISO
9597 (2002), the test temperature is 20°C £ 2°C. During the tests, the computer records all applied
loads. According to the standard ASTM E399-09(2009), the three-point bending test mainly
focuses on evaluating the mode | fracture behavior of concrete. However, the forms of the supports
may have influences on the mode | fracture behavior of concrete beam. Therefore, the rolling
supports used in the tests were smeared with the engine oil before each test.

In order to investigate the local deformation band of the FRC before cracking, we monitored
the whole cracking process of concrete beam with the digital speckle correlation method (DSCM).

The speckle points were disposed, as shown in Fig. 4. In this test, the high brightness LED
lamps were used to illuminate forward and the complementary metal-oxide semiconductor camera
(short for CMOS) was used to collect data with a frequency of one fame per second, which was
stored directly in the computer. The whole process of monitoring and data collection is shown in
Fig. 5.

For the tests of three-point bending concrete beams with notch, the key criterion of evaluating
fracture resistance is the pressure-cracking mouth opening displacement (P-CMOD) curve. In
these tests, two large white speckle points at the corners of the notch were used to measure the
CMOD, as shown in Fig. 6. The reason is that the areas of notched concrete beam are in the elastic
state in the cracking process except for the fracture process zone. Therefore, the relative
displacement between the two speckle points, where the stress levels are always very low, can
generally reflect the CMOD.
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Fig. 4 The speckle field made in the test
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Fig. 5 The test equipment of DSCM
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Fig. 6 CMOD data collection points

2.3 Results analysis

The P-CMOD curves of notched concrete beams with different volumes of fiber contents were
shown in Figs. 7-8, where the loading rates were 0.1 mm/min and 0.2 mm/min, respectively. From
the plain concrete test results, it can be found that the P-CMOD curves fell down immediately to
nearly zero after the corresponding peak values, and the material lost its load-carrying capacity.
This phenomenon reflects the quasi-brittle fracture characteristic of plain concrete material, and
indicates that the loading rates have little influence on the test results. When the volumetric
content of fiber reaches 0.2%, the P-CMOD curves still fell down. However, the applied loads
stabilized on about 0.3 kN for a long time. This phenomenon indicates that the specimens remain
about 10% of the initial load-carrying capacity, which is called as the residual strength. The
reason why the residual strength exists in the FRC is that the fibers can prevent the concrete from
rapid cracking. The loading rates have little influence on the results in these tests. When the
volume of fiber contents reaches 0.4%, the P-CMOD curves are similar to those with the fiber
content 0.2%, while the residual strength of the FRC increases almost 20% of the initial strength.
When the volume of fiber contents reaches 1.6%, the residual strength can be 50% of the initial
strength, and the influences of loading rates on the test results still are not significant. However,
when the volume of fiber contents reaches 3.2%, the loading rates have significant influences on
the test results. When the loading rate is 0.1mm/min, the residual strength of the FRC can reach
80% of the initial strength. On the other hand, when the loading rate reaches 0.2 mm/min, the
residual strength is only approximate 60% of the initial strength. Indeed, the improvement of
residual strength can reflect the increase in the fracture resistance of the FRC, and the fiber has
significant influences on the toughness of concrete.

The toughening mechanism of the FRC is determined by two aspects: one is the strength of the
fiber itself and the other is the bonding capacity between the fiber and the concrete. From the tests,
all the fibers were not broken during the whole process of tests, which indicates that the tensile
strength of fiber is much stronger than the bonding capacity. Therefore, the toughening mechanism
of the FRC is mainly determined by the bonding capability between the fiber and the concrete.
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Fig. 7 The P-CMOD curves with different fiber contents (loading rate 0.1 mm/min)
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Fig. 8 The P-CMOD curves with different fiber contents (loading rate 0.2 mm/min)

As a result, the phenomenon of residual strength in the P-CMOD curves can be regarded as
follows: with the increase of the cracking, the adherence capability of concrete gradually decreases
and the fibers become the main carriers to bear the applied loads. As the test continues, the
bonding zone between the fibers and concrete is gradually destroyed, and the residual strength of
the FRC is exhibited and retained. When the interfaces between the fibers and concrete are totally
damaged, the fibers are extracted from the concrete. It shows that the failure of bonding zone
between the fibers and concrete leads to the final damage of specimen.

3. Local deformation bond of the three-point bending beam

3.1 Displacement and strain field of the plain concrete beam

The digital speckle pictures of the displacement field change with time. Figs. 9(a)-(d) shows the
displacement changes at different time since started (625, 677, 702 and 723 seconds) for the
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Fig. 9 The horizontal displacement fields of plain concrete at the loading rate of 0.2mm/min
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ordinary cement concrete. It can be seen that with the increasing of applied load, the initial
uniform distribution gradually changes to a gradient distribution for the horizontal displacement of
the concrete specimen.

The digital speckle pictures of the strain field evolution with time are shown in Fig. 10(a)-(d),
where the horizontal strain distributions at different time points (625, 677, 702 and 723 seconds)
are respectively shown in Fig. 10(a)-(d). With the increasing of the applied load, the horizontal
strain of the local deformation band changes obviously.

Under the stable loading condition, the strains in the local deformation band are much higher
than those in the other zones. When the applied load reaches the maximum value, the maximum
horizontal strain is approximately 0.01in the center zone while the strains are only 0.001~0.002 in
other zones. It indicates that the strains in the local deformation band change greatly and are
almost 10 times higher than those in the other zones.

3.2 Strain field of FRC beams with different volumetric fiber contents
When the maximum loads are applied on the concrete beams, the horizontal strain fields of the

FRC with different fiber contents and loading rates are shown in Figs. 11 (a)-(j). The results show
that the prominent high strain zone appears in the middle of the beam and distributes as a local
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Fig. 11 The horizontal strain fields of FRC with low fiber contents and loading rates under
the maximum applied load
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Fig. 11 Continued

deformation band. Meanwhile, the horizontal strains in this zone are much higher than those in the
other zones.

Take the tests at the loading rate of 0.1 mm/min for example, from the results of the horizontal
strain fields of the FRC with different volumes of fiber contents, it is found that with the
increasing of the fiber contents(ranging from 0% to 1.6%), the maximum strains corresponding to
the peak loads gradually increase. When the volume of fiber contents is 1.6%, the maximum
horizontal strains are bigger than others. However, when the fiber content exceeds 1.6%, the
maximum strain decreases, and is lower than that of the FRC with fiber content 0.4%.

It indicates that 3-dimensional spacious network structures in the concrete are formed easily
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after adding the fibers to concrete, when the volume of the fiber contents is appropriate. 3-
dimensional spacious network structures can resist the growth of micro-cracks in concrete, and
improve the capability of concrete material to bear the higher deformation.

If the fiber content is higher than 1.6%, the excessive fibers will form the structures such as
sieves, which can lead to the segregation between coarse aggregates and fine aggregates, which
will cause the decline of the strength of concrete material.

4. Analysis on fracture behavior of the FRC beams based on the double-K theory
with softening behavior

Based on the previous digital speckle test results, it can be found that an obvious local
deformation band developed during the loading process. The initial local deformation band has
manifested when the loading is around the peak value referred to P-CMOD curves (Figs.7 and 8),
and the length of local deformation band will reach the maximal value before ultimate unstable
fracture.

There are varieties of fracture models on the three-point bending test of notched concrete beam
in literature. The Double-K model calculation method (Tada et al. 2000) can predict the cracking
initiation and instability of concrete structures very well and has been widely used in engineering
fracture analysis. However, the Double-K model has defects in predicting the FRC fracture
behavior, as it does not include the softening behavior and fracture toughness since different fiber
volume contents cannot be accurately described. Therefore, it is necessary to develop a modified
Double-K model considering the softening behavior.

According to the Double-K fracture model, the variable CMOD is calculated as follows:

24P
CMOD =——VF,
=5 VAY)

1)

where E is the elastic modulus of material, P is the load, B is the thickness of beam and the

expression of R() s as follows:
0.66

1-V)? 2)
where V=2a/D aijsthe length of initial notch, and Dis the height of beam.

F(V)=0.76—2.28V +3.87V? —2.04V° +

Jenq and Shah (1985) simplified the expression F)to find an approximate formula for
calculating the crack length of the three-point bending beam.

CMOD = - [3.70+32.60tan?(ZV)]
BE 2 (3)
Then

V = —Earctan \/w —0.1135
V4 326-P (4)
It was concluded that when V is between 0.2 and 0.75, the error is under 2.0% and when V is
0.8, the error cannot exceed 3.5%. So the equivalent crack length at any time is:

\/w_o_1135
326-P (5)

a= —E D -arctan
w
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Since there is a relationship between the stress intensity factor and the adhesion force in the
adhesion zone, the stress intensity factor at any time can be described as follows (as shown in Fig.
12):

- J' ZU(X/a) B)dx (a<a,)
(6)
f!
G (x) D
G s(CTOD:) 2 elae

Fig. 12 Cohesive force on the fictitious crack zone at the critical situation

C
If we use K /ft‘/B
V=a/D Y%=a&/D zhq U =X/a 1o dimensionalize Eq.(6) as follows:

Ke 11D =-2f \FG(U)F(U V)du
v\ 7

to dimensionalize the stress intensity factor, then we can use

(7)
where
312
FU\V)= 3524 ag) _43% 5'12,28U + 0 0?012 +0.83-1.76}x[1-(1-U)V]
1-V) (1-V) [1-U7] ®)
Xu and Reinhard (2000) simplified the above equation as follows:
F(U,V)=AU+B+ -
1-u 9)

where

223/° +146V +017 | 165V? +167V +024
(1_V)3/2 (l_V)3/2 (10)

On the other hand, the distribution of adherence load () in the virtual crack zone can be
expressed as follows:

o(x) = o, (CTOD,) + X~
a

[ft _O_S(CTODC)] (a'O ngac)
¢ — & (11)

where stands for the stress when the CMOD reaches the critical value @s(CTOD,) , and
CMOD can be calculated with the following empirical equation:

CTOD = CMOD{(1— 27 + (1.081-1.149 3 )2 — (Boyepp~
a D'"a a

o,(CTOD,)

(12)
So the Eq.(11) can be simplified as follows:
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O'(X) =Cx+E (13)
C: ft_o-s Ezvas _VOft
where v Vo : V=Vo in which & can be calculated by the softening curve.

Substituting Egs. (7) - (13) into Eq. (6), the critical adherence fracture toughness can be
conducted as follows:

KS =2 |22 DPys LAETBDyy2 g E .y _DYI—U? +E-arcsin(U)],,
T 3 2 " (19)
For the quasi-brittle material, the unstable toughness and the initial toughness can be related
with the bonding toughness.

K& =K' + K (15)

Through the above equation, the unstable toughness can be calculated with the initial toughness
and the bonding toughness. Besides, we can calculate the initial toughness of three-point bending
beam with the equation (Tada et al. 2000) as follow:

ini 3|:)mlS a
Kic = \/a_OFl(_O)

2D’B 5 )
F (ﬁ) _ 199‘(%)[ ?le 15-3, 93a0 . 27{312]
| (m@j(l_%jz (17)

where Py, is the load responding to the time when the concrete begins to crack, ag is the length of
initial notch, and B, D, S are the width, height and span of the specimen, respectively.
For the ordinary plain concrete, the calculation of stress intensity factor at the time of instability

is similar to Eqgs. (4)-(16)
un_3P S " E
IC - 2D B c 1( ) (18)

where P is the maximum value in the P-CMOD curve and a. is the critical crack length when
the crack begins to unstably develop (as shown in Fig. 12), and this value as the high strain band
length can be measure using digital speckle method.

It has been shown above that the structure fracture behavior with adherence force, which occurs
during the crack evolution in three-point bending FRC beam, can be accurately simulated. Based
on the modified Double-K fracture model, the Double-Kcritical values of FRC beam under three-
point bending test can be calculated.

The calculated fracture parameters are listed in Table 1. It can be seen that when the volume of
fiber content reaches 3.2%, the fracture energy of the FRC can reach 8342 N/m, which is 47 times
of the plain concrete (177 N/m). The fibers can obviously improve the fracture resistance of
concrete material. The unstable fracture toughness of the FRC was enhanced from 2.22MPa-m*?
to 96.38MPa-mY2, which is larger than common metal materials. Meanwhile, the initial fracture
toughness of the FRC keeps in the low level even with different fiber contents. A reasonable
explanation is as follows: with the increasing of volume of fiber content, intense and prominent
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Table 1 The calculated fracture parameters with different fiber contents

Loading rates

Fiber Contents ( mm/min ) Fracture energy ' (N/m) Kic (MPa-m*?) Kic (MPa-m*?)

0.1 177 0.67 222

0%
0.0% 0.2 244 0.64 2.07
029t 0.1 421 0.69 2.41
e 0.2 527 0.72 3.16
0.1 858 0.73 10.23

0,
0.4% 0.2 1148 0.67 8.19
oot 0.1 1627 0.79 29.28
o7 0.2 1771 0.52 16.85
5000 0.1 8342 0.66 96.38

. 0
0.2 5004 0.40 60.95

ductile behaviors appear in the P-CMOD curves as metal material, which was just observed in the
previous experiments. The volume of fiber content in the concrete is very significant for enhancing
the fracture resistance of the FRC.

It should be mentioned that concrete with 3.2% fiber content has the largest unstable fracture
toughness while has lower initial fracture toughness than concrete with 1.6% fiber. In the field, the
strength, which is proportional to the initial fracture toughness, has affinity with the service life of
the pavement. Therefore, the concrete with 1.6% fiber is the most suitable for pavement
construction.

5. Investigation on the fracture behavior of PFRC beam with initial notch using
Xfem coupling with VCCT criterion

After the initial fracture energy and unsteady fracture energy in the PFRC Beam with initial
notch were calculated from the Double-K fracture model, the fracture behavior of this kind of
beam was simulated with the extended finite element method (short for Xfem) and using virtual
crack closure technical (short for VCCT) in the following part.

The extended finite element method was first introduced by Belytschko and Black (1999).
Unger et al. (2007) and Chahine et al. (2008) introduced Xfem into researching fracture behaviors
of plain concrete materials. It is an extension of the conventional finite element method based on
the concept of partition of unity, which allows local enrichment functions to be easily incorporated
into a finite element approximation. The presence of discontinuities is ensured by the special
enriched functions in conjunction with additional degrees of freedom. Crack modeling based on
Xfem allows for simulation of both stationary and moving cracks. Evaluation of crack contour
integrals with Xfem is available for three dimensional analyses. Simulation of propagating cracks
with Xfem does not require initial crack and crack path definitions to conform to the structural
mesh. The crack path is solution dependent, i.e., it is obtained as part of the solution. Cracks are
allowed to propagate through elements allowing for modeling of the fracture of the bulk material.
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For the purpose of fracture analysis, the enrichment functions typically consist of the near-tip
asymptotic functions that captures the singularity around the crack tip and a discontinuous
function that represents the jump in displacement across the crack surfaces. The approximation for
a displacement vector function with the partition of unity enrichment (Kesler et al. 1972) is
described by the Eq. (19).

u :iN, ()[u, +H(x)a, +iFa(X)b‘."]
1=1 a=1 (19)

where Ni(X) are the usual nodal shape functions; Ui is the usual nodal displacement vector
associated with the continuous part of the finite element solution; the second term is the product of

the nodal enriched degree of freedom vector, @i and the associated discontinuous jump function
H(X) across the crack surfaces; and the third term is the product of the nodal enriched degree of

freedom vector, b?, and the associated elastic asymptotic crack-tip functions, F,(X) . The first
term on the right-hand side is applicable to all the nodes in the model; the second term is valid for
nodes whose shape function support is cut by the crack interior; and the third term is used only for
nodes whose shape function support is cut by the crack tip. H(x) can be written as Eqg. (20).

1 if (x—x).
H(x) = if (x x)_nzo
-1 otherwise (20)

where x is a sample (Gauss) point, X" is the point on the crack closest to x, and n is the unit
outward normal to the crack at x (Fig.13).

The asymptotic crack tip functions in an isotropic elastic material, F4(x), which are given by
Eqg. (21).

Fa(x)=[ﬁsing,ﬁcosg,ﬁsine-sing,ﬁsine-cosg]

2 2 2 2 (21)
where (r, 6)a polar coordinate system with its origin at the crack is tip and 6 =0 is tangent to the
cracking tip.

Crack initiation refers to the beginning of degradation of the cohesive response at an enriched
element. The process of degradation begins when the stresses or the strains satisfy specified crack
initiation criteria. We use the initial fracture energy of double-K model to transfer to a stress value
as the crack initiation criteria.

The VCCT was first introduced by Rybicki and Kanninen (1977). Initially it was called
Modified Crack-Closure Integral (MCCI), subsequently renamed to Virtual Crack Closure
Technique. Raju (1987) wanted to explain legitimately VCCT with mathematics and provided the
computational formula according to higher order element and singular element. The VCCT is
based on the assumption that the strain energy released when a crack is extended in a certain
amount is the same as the energy required to close the crack in the same amount. Assuming that
the crack closure is governed by linear elastic behavior, the energy to close the crack (and thus, the
energy to open the crack) is calculated from the Eq. (22).

A o 2 _ EW,®
IO o, (A (X)dx =F Vi 2
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Fig. 13 Illustration of normal and tangential coordinates for a smooth crack

Table 2 the parameters of the VCCT model

Young’s Modulus Poisson’s Density MAXPS Damage G, Gy G
(MPa) Ratio (Kg/m®) (MPa) (N/mm) (N/mm) (N/mm)
30000 0.25 2500 1 0.1 0.02 0.02

a) without mesh

b) with mesh
Fig. 14the FEM model of three-point bending beam with initial notch
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Fig. 15 The ultimate fracture style of the three-point bending beam numerical test
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Fig. 16 The reaction force curve of the indenter in numerical test

where, Aa is the crack extended length.

Based on the VCCT crack evolution criterion, the unsteady fracture energy of double-K model
replace the strain energy released during the fracture evaluation procedure. The parameters, which
have reflected the fracture toughness with 0.2% volume contents, used in the numerical test have
been listed in Table 2.

We used the finite element software Abaqus to simulate fracture behavior of the PFRC beam.
The finite element model was shown in Fig. 14(a)-(b). The three-point bending beam was meshed
with 67504-node bilinear plane stress quadrilateral elements. The simulated ultimate fracture type
was shown in Fig.15. The fracture behavior has manifested mixture crack type, and the reaction
force of the indenter was shown in Fig. 16. The numerical simulation results provided almost the
same values on the peak value and soften behavior with the experiment.

6. Conclusions

This paper studied the fracture tests of three-point bending notched concrete beam with
different fiber contents and obtained the P-CMOD curves of the beam. To evaluate the fracture
toughness of concrete, the DSCM techniquewas utilized to observe the local deformation band in
the crack evolution of concrete beam. A modified Double-K fracture model considering the
softening behavior was developed to describe the fracture behavior of FRC beam. Through the P-
CMOD curves and the modified Double-K model with the softening behavior, the initial and
unstable stress intensity factors and respective fracture toughness were obtained. Several
conclusions can be drawn as follows:

o The modified Double-K model can explain the influence of softening behaviors of the
FRC and provide a more reasonable standard to differentiate the fracture toughness of concretes
with different fiber volume contents.
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. With the increase of the fiber content, there is a residual strength after the peak value in
the P-CMODcurve and the residual strength ascends with the increase of the fiber content. When
the fiber content reaches 3.2%, the residual strength will be 60%~80% of the initial strength.

. There is a local deformation band in the crack evolution of the fiber concrete beam, and
the horizontal tension strain is approximately 10 times of that outside the local deformation and.

o The increase of the fiber content can improve the unstable fracture critical toughness of
concrete distinctly and it has little influence on the initial fracture critical toughness.

. The modified Double-K fracture model developed in this paper can effectively evaluate
the fracture behavior of fiber-reinforced concrete.

° In order to balance the strength and resistant fracture toughness, concrete with 1.6% fiber
to be applied in pavement construction is recommended.

° The Xfem coupling with the VCCT criterion was utilized to evaluate the fracture
behavior of PFRC beam, where the parameters of VCCT were transferred from the Double-K
model. Furthermore the numerical result has manifest consistency with the experiment results.
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