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In this study, the effect of the fiber orientation distribution on the tensile behavior of Ultra High Performance
Fiber Reinforced Cementitious Composites (UHPFRCC) was investigated. The tensile behavior was explored
separately in two stages; pre-cracking and post-cracking tensile behaviors. Pre-cracking tensile behavior is
expressed using the mechanism of elastic shear transfer between the matrix and the fiber in the composites.
Post-cracking tensile behavior was expressed as the combined behavior of the resistance by the fibers and the
matrix, considering a probability density distribution for the fiber orientation distribution across crack surface
and a pullout model of steel fiber. The effect of the fiber orientation distribution was found to be very small on
pre-cracking behavior, but to be significant on post-cracking behavior of UHPFRCC. The predicted results were
compared with the experimental results, and the comparison presented satisfactory agreement.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Ultra High Performance Fiber Reinforced Cementitious Composites
(UHPFRCC) dealt with in this study shows very high strength, self
compacting ability, and high toughness. It does not contain coarse
aggregates and develops compressive strength exceeding 150 MPa
with improved toughness through mixing of 2 vol.% of steel fibers that
are 13 mm long and 0.2 mm in diameter.

In general, the most important advantage of adopting Fiber Reinforced
Concrete (FRC) is the increase of tensile strength and enhancement of
toughness. In other words, fibers in FRC resist against crack propagation
with the help of stress transfer from the matrix to the fibers. FRC thus
exhibits strain hardening behavior after first cracking as well as improve-
ment in energy absorption capacity and toughness.

In UHPFRCC, a steel-fiber reinforced cementitious composite, it is
therefore clear that the improvement in tensile properties is achieved
by adding steel fibers. In order to understand its tensile properties and
the performance of structures using the composites clearly, research
on the effect of fiber reinforcement should be first conducted.

To date, most researches on the effect of fiber reinforcement have
been mainly focused on the effects of geometric shape, type, and volume
fraction of fiber [ 1-9]. Although there have been also numerous studies
regarding the effect of fiber distribution [10-14], they mostly were
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devoted to the correlation at a macro-structural level between fiber
distribution characteristics (e.g. a coefficient to represent the average
dispersion or orientation of fibers throughout the composites) and
tensile properties (e.g. tensile strength or toughness). Few studies have
adopted a systematic approach from a microscopic to macroscopic view;
that is, from the bond behavior of individual fiber distributed in the
composites to the tensile behavior of a fiber reinforced composite and
its structural performance. While some researchers have focused on
the systematic approach with special interest in the fiber orientation
distribution [15,16], the approaches were limited to analytical studies
with the assumption of an idealized fiber distribution. They did not
consider the actual fiber distribution, which is affected by diverse factors
such as placing method, form shape, and fiber geometry.

Meanwhile, recent researches on FRC unveiled that the rheology of
the FRC mix plays an important role in fiber orientation and thus its
mechanical performance [17-19]. Many researchers are getting more
interest on the effect. In an effort to obtain better performance with
better fiber orientation distribution, there has been a simple attempt to
induce fiber alignment by extrusion forming process [20]. In another
way, there have been efforts to investigate the variation of fiber ori-
entation distribution with different fabrication processes and quanti-
tatively estimate its effect on the mechanical performance, especially
tensile behavior [21-23]. Wuest et al. [24] proposed a meso-
mechanical model to predict the UHPFRCC tensile hardening response
considering the effect of realistic fiber orientation distribution on it.

This study was intended to investigate the effect of the fiber ori-
entation distribution on the tensile behavior of UHPFRCC, considering
the pullout behavior of each fiber in the composites and the actual fiber
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distribution obtained from experimental specimen. The tensile behavior
was explored separately in two stages, pre-cracking and post-cracking
tensile behaviors.

2. Theoretical approach for tensile behavior
2.1. Pre-cracking tensile behavior

Before any cracking has taken place in the matrix, during the early
stages of loading, the interaction between the fiber and the matrix is
elastic in nature. The stress developed at the interface is a shear stress
which is required to distribute the external load between the fibers
and matrix, this elastic shear transfer is the major mechanism to be
considered for predicting the pre-cracking tensile behavior of fiber
reinforced composites. The elastic shear stress distribution along
the fiber-matrix interface is non-uniform. The first analytical model
to describe the stress transfer in the elastic zone was developed by
Cox [25]. Later models were based on similar concepts; they differed
only in some of their numerical parameters. These models are usually
referred to as shear lag theories. Let us consider a steel fiber embed-
ded in a matrix, subjected to tensile stress as shown in Fig. 1.

A schematic representation of the deformations around a fiber
before and after loading is provided in Fig. 1(a), and the elastic shear
stress distribution at the interface and the tensile stress distribution in
the fiber are illustrated in Fig. 1(b). The stress field developed due to
these deformations can be calculated with several simplifying
assumptions. Cox [25] derived the following equations for the tensile
stress, 0y(x), in the fiber, and the elastic shear stress at the interface,
7(x), at a distance x from the fiber end:

1— coshp, (é —x)
— (1
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where 3; is expressed by Eq. (3).
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In Eq. (1), R represents the radius of the matrix around the fiber, r
means the radius of the fiber, [ is the length of the fiber, Efis equal to
the modulus of elasticity of the fiber, and G, is the shear modulus of
the matrix at the interface.

The value R/r depends upon the fiber packing and the fiber volume
content of the composites. The following equations for long fibers of
circular cross-section have been derived [27].

For square packing:

In(R/ 1) = %ln(n /vf) (4)

For hexagonal packing:
1 1/2
InR/ 1) = jln{Zﬂ/ (3vf) } (5)

From Eqs. (1) to (3), the calculated shear stress distribution at the
interface, and the tensile stress distribution in the fiber are presented
in Fig. 1(b). The shear stress is maximum at the ends of the fiber and
drops to zero at the center. It is in this end zone that the stress is
transferred from the matrix to the fiber, gradually building up tensile
stress within the fiber. The tensile stress increases from the fiber end
moving inward, reaching a maximum at the center.

Laws [28] has indicated that in the elastic case, the contribution of
the fiber, and thus its efficiency, is a function of the strain & in the
composites. For elastic stress transfer, the average stress in the fiber,
Oy, as a function of & is:
1—tanhp,l/ 2) ()

6f:£f86< Fil/2
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Fig. 1. Schematic description of a fiber embedded in a matrix, and the deformation and stress fields [26].
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The tensile stress of the composites is calculated based on the rule
of mixture, expressed by Eq. (7).

Oc(&) = Op(&)Vm + nlneo_f(gc)vf (7)

In Eq. (7), m; which represents the length efficiency factor in the
pre-cracking case for frictional stress transfer mechanism, is defined
as the following.

M = Of(&c) / 07 (&) (8)

where 0f¢.) represents the tensile stress at a strain of & in the fiber.
Substituting Eq. (6) into Eq. (8), 1, can be calculated as:

__ 1—tanhp,l/2
N = W 9)

The fiber orientation coefficient, 15, depends upon the length of
fiber, the effect of friction on the interface between the matrix and the
fiber, etc. However, for simplicity, the geometrical arrangement of
fiber is only considered; thus, the fiber orientation coefficient can be
defined as given in Eq. (10) [29].

My = [o™p(6)cos’0d0 (10)

where p(6) is a probability density distribution for the fiber
orientation and 6 represents the angle between each fiber axis and
the stress direction. It is found that 1), has the value of 0.5 for a random
2-dimensional arrangement and 1/3 for a random 3-dimensional
arrangement.

Eq. (10) indicates 1y =1, when all the fibers are aligned parallel to
the tensile stress direction; 17, = 0 conversely implies that all the fibers
are aligned perpendicular to the tensile stress direction. This is
derived from the assumption that there is no improvement of
strength when the fibers are aligned perpendicular to the tensile
stress direction, whereas the strength of composites is maximized
when the fibers are aligned parallel to the tensile stress direction.

Fig. 2 compares the pre-cracking tensile behaviors of UHPFRCC,
calculated using Eq. (7), for different fiber orientation coefficient
values with 2 vol.% of fibers. The tensile strain at the first cracking (&)
was assumed to be 236y, which was obtained by several previous

12 —
—4+—1,=0.2
——1,=0.4
—e—1,=0.6
5 —a—1,=0.8
8 —
=
[
]
o _
@
2
g 4
e
0 T I T I T I T I T I

0 50 100 150 200 250
tensile strain ()

Fig. 2. Tensile behavior according to fiber orientation coefficient before cracking occurs
in UHPFRCC.

experiments. As shown in Fig. 2, in the pre-cracking tensile behavior,
although the elastic modulus as well as the first cracking strength
improves as the fiber orientation coefficient increases, the improve-
ment is limited within about 10%.

2.2. Post-cracking tensile behavior

2.2.1. Modeling of tensile behavior by single fiber

In FRC composites, the major role played by the fibers is in the
post-cracking zone. Once any cracking occurs, the cracked matrix no
longer resists the tensile load and only fibers resist the load. Therefore,
the characteristics of tensile behavior of the composites are
determined by the pullout behavior of the fibers.

The pullout behavior of steel fiber, which is defined as the pullout
load versus the end slip displacement, is divided into three regions: a
perfectly bonded region, a partial debonding region, and a fully
debonded region.

Lee et al. [30] proposed an analytical model to predict the pullout
behavior of inclined steel fiber in an ultra high strength cementitious
matrix. Both the matrix and steel fiber used in their study have exactly
the same properties as those in this study. Their model was applied for
the pullout behavior in this study. In their proposed model the
bridging load (P) — the corresponding slip displacement (A) relation
by a single fiber with an inclined angle (6) can be expressed by
Eq. (11) to Eq. (16):

- Perfectly bonded region
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where [, means the embedded length of the fiber; A, E and v
represent sectional area, elastic modulus and Poisson's ratio with
subscript f for fiber and m for matrix; Ag is the slip of the fiber at the
end of full debonding; u is the debonding length; u is the friction
coefficient of the fiber-matrix interface; Q is easily calculated from
the geometric information and physical properties of fiber and
matrix; «, y, 1, A and n can be determined through experiments of
pullout behavior. Tmax(app) and Tsapp) Were introduced to consider the
effect of inclined fiber on the initial bond strength as well as frictional
bond strength. Considering the snubbing effect and matrix spalling
effect on the bond strength, Lee et al. [30] proposed the following
equation as a function of 6.
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app(0) = ef‘b(cosﬁ)KT(O =0) (17)

A comparison with their experimental results revealed that f=1.6
and k= 1.8 can be applied to both Tyax(app) and Tfappy for UHPFRCC.

The fiber bridging stress (0p) versus crack opening displacement
(6) relation by a single fiber can be obtained from the pullout
behavior. For the ascending branch, that is, before the fiber is fully
debonded, a perfectly bonded region and a partial debonding region
are included, and the crack opening displacement can be simply
assumed as being two times the slip deformation in the pullout
behavior, because slip occurs at both sides of the crack plane. For the
descending branch where frictional slip behavior occurs after per-
fect debonding, the crack opening displacement is equal to the slip
deformation in pullout behavior because slip occurs only at shorter
fibers of the crack plane.

2.2.2. Modeling of tensile behavior by multiple fibers

When the pullout resistant force of a single fiber at the cracked
plane is given as a function of the inclined angle of the fiber (6), the
embedded length of the fiber (I.) and the crack opening displacement
(6), which is denoted as P(6,l,,5), the bridging stress of the composites
may be obtained from Eq. (18) [15].

_ 4
ffofzzn 8,1,,8)p(L,)p(8)cosbdl,dd (18)

where p(6) and p(l.) are probability density functions for 6 and I,
respectively. For three-dimensional random distribution of fibers,
p(0) is sin 6 (see Fig. 3) and p(l,) is simply given by 2/L.

In Eq. (18), P(6, l., 6) represents the bridging force acting on the
fiber in a fiber-reinforced composite. The bridging force obtained from
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Fig. 3. Probability density distribution in 3-D randomly oriented fiber distribution [15].

the pullout test, where the fiber is embedded in a plain matrix
(without fiber) rather than in a composite, shows some difference
compared with the actual bridging force in composites. Markovic [31]
investigated the influence of fiber volume fraction in the pullout
medium on the pullout behavior of the fiber. He used a mix design
similar to the mix condition (w/b=0.2) adopted in this study and the
same properties of steel fibers and compared the fiber pullout
behaviors in a plain matrix and a fiber-reinforced composite with
2 vol.% of fibers. He demonstrated that the presence of 2 vol.% of fibers
in the plain matrix improved the maximum pullout force by about
25%. Based on the findings of his study, the pullout force in the
composites P(6, l,, 6) can be calculated from the pullout force
obtained from the pullout test:

P, 1, 8) = QPyyitout (6, Le, 6) (19)

In the above equation, oy is a coefficient that represents the
relation between the pullout behavior in an actual composite and in a
pullout test. ay=1.25 was applied for UHPFRCC.

Fig. 4 shows the relation between fiber bridging stress and crack
width, which is calculated by Egs. (18) and (19) for two- and three-
dimensional random distributions of fibers, respectively. It can be
seen that the assumption of a two-dimensional random distribution
leads to better performance than in the case of a three-dimensional
random distribution.

Post-cracking behavior of a composite can be defined as the
combined behavior of the resistance by the fibers and the matrix.
Therefore, in addition to fiber bridging, the contribution of the matrix
should be introduced in order to establish the post-cracking behavior.
Typical tension softening behavior of concrete after cracking is
depicted in Fig. 5; linear, bilinear, or exponential curves are generally
accepted as reasonable approximation of the tension softening curves
for concrete. In this study, the bilinear softening behavior proposed in
CEB-FIP Model Code 1990 [32] was first considered. Strictly speaking,
the matrix of UHPFRCC is not concrete but mortar without coarse
aggregate. Therefore it is reasonable to adopt a tension softening
curve of mortar rather than that of concrete. However, since we
couldn't find any tension softening curve applicable to mortar in the
literature review, there was no other choice but to apply that of

= 3-D random
E e 2-D random

tensile bridging stress (MPa)

crack width (mm)

Fig. 4. Bridging behavior by fibers calculated with Eqs. (18
random fiber distributions.

) and (19) for 3-D and 2-D
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Fig. 5. Typical tension softening curve of concrete.

concrete with reduced aggregate size. The bilinear stress-crack
opening relation is given by the following equations.

o, = f[<1—0.85wﬂ]> for0.15f, <0, <f, (20)
0.15

ot = wC_Vflil (we—w)  for0<0,<0.15f, 1)

w, = 26y / f,—0.15w, @2)

we = apGp / f; %)

where f; is the tensile strength, w is the cracking opening (mm), and
O is the tensile stress at a given crack opening. w, is the cracking
opening (mm) at o,=0.15f;, w, is the cracking opening (mm) at
0« =0, Ggis the fracture energy (Nm/m?), and aris the coefficient as a
function of the maximum aggregate size. The fracture energy of the
pure UHPFRCC matrix without fibers was assumed as 30 Nm/m? [33].
The pure matrix is known to be in the range of 12 to 50 Nm/m? for the
fracture energy.

3. Experiments

The mix design of UHPFRCC differs significantly from that of
normal concrete. UHPFRCC mix proportion applied in this study is
given in Table 1. The water-binder ratio is determined as w/b=0.2.
Sand with grain size below 0.5 mm is used as fine aggregate, and
coarse aggregates are excluded. Superplasticizer has been introduced
to secure the required workability for a low water to binder ratio
composition. In addition, the filler used to enhance the density of
UHPFRCC has mean grain size of about 4 pm. 2 vol.% of straight steel
fibers with 13 mm length and 0.2 mm diameter were incorporated.
The property in a fresh state was evaluated by a flow test (ASTM
C1437) and the flowability was measured to be about 230 mm.

Experiments on the effect of fiber orientation on the tensile
behavior of the composites were carried out, and those were com-
pared with the analytically obtained results. The comparison provides

Table 1
Mix design of UHPFRCC.
Relative weight ratios to cement Steel fiber
a o
Cement Water Silica Fine Filler ~ Superplasticizer V%)
fume aggregates
1.00 0.25 0.25 1.10 030 0.018 2

@ Fiber volume expressed as a volumetric ratio to the whole volume.

(@)

PL Specimen

(b

)
i

TL Specimen l

Fig. 6. Specimen preparation by (a) placing concrete parallel to the tensile direction of
the specimen; and (b) placing concrete transversely to the tensile direction of the
specimen.

verification of the analytical approach for the tensile behavior of the
composites and also highlights any parts of the analytical model that
require modification.

As noted previously, pre-cracking behavior shows no significant
difference and, moreover, it is difficult to distinguish small variation in
the tensile behavior depending on the fiber orientation from the
experimental results. Therefore, the main focus of the experimental
verification is on the post-cracking behavior.

3.1. Test method

In order to investigate the effect of the fiber orientation
distribution on the tensile behavior, two types of fiber orientation
distribution were induced by adopting different placing directions
(see Fig. 6).

Two cases were considered for the placing directions: placement
parallel to the tensile direction of the specimen and placing concrete
transversely to the tensile direction. Fig. 6 illustrates each of the
placing directions adopted for the manufacture of the specimens.

Direct tensile tests were conducted on notched specimens.
Specimens for the direct tensile test were fabricated in the so-called
dog-bone shape. Prior to the test, 10 mm notches were made on both
sides at the center of the specimens as shown in Fig. 7(a). The direct
tensile test was carried out in the way as depicted in Fig. 7(b).

The direct tensile test set-up was designed with a so-called pin-fixed
ends in order to avoid secondary flexural stress as well as to assure the
centricity of loading [34]. In Japan, this boundary condition was adopted
as a standard in the tensile test for strain-hardening cementitious
composites [35]. The direct tensile test was implemented using a 250 kN
capacity universal testing machine with a loading rate of 0.2 mm/min.
As each specimen was being tested, its crack mouth opening
displacement (CMOD) in the notch was measured by clip gages placed
on two opposite sides of the specimen.

3.2. Experimental results

Table 2 gives the measured stresses and CMODs at the moment of
first cracking as well as maximum stresses for two cases of placement
directions, respectively. The first cracking strength is defined as the
stress at the point when the initial behavior loses the linearity. In
Table 2, the label ‘PL’ denotes the case of placement parallel to the
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(@) The details of specimens (b) Test apparatus

P
100
50
10mm of depth
notch —~— 200
50 50 clip gages
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I ¥100
100 .
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Fig. 7. Direct tensile test specimen and apparatus.

tensile direction of the specimen and ‘TL’ denotes the case of placing
concrete transversely to the tensile direction. Fig. 8 zooms into the
initial tensile behaviors including the first cracking for both the PL and
TL specimens. The average of the first cracking stress is 10.93 MPa for
the PL specimens and 9.96 MPa for the TL specimens, respectively.
Fig. 9 exhibits the overall tensile behaviors for the TL and PL
specimens. The average maximum tensile stress is 16.05 MPa for
the PL specimens and 11.80 MPa for the TL specimens. The exper-
imental results verify that there is a remarkable difference in the
tensile behavior according to the placing direction; PL specimens
show better performance than TL, and the difference in tensile stress
between the two cases is much greater at the maximum stress than
at the first cracking. For the first cracking stress, the PL specimens
exhibit approximately 10% higher stresses than the TL specimens.
Meanwhile, for the maximum stress, the former is greater than the
latter by 40%.

4. Analysis and discussion
4.1. Evaluation of fiber orientation distribution

In order to estimate the tensile behavior of UHPFRCC depending
on fiber orientation distribution, the distribution characteristics of
fibers in a composite should be quantitatively evaluated in advance.
For this purpose, an image processing technique proposed by Lee

Table 2
Direct tensile test results.

Specimen no. At first cracking At maximum
Stress (MPa) CMOD (mm)  Stress (MPa) CMOD (mm)
PL1 11.16 0.014 16.04 0.398
PL2 10.25 0.016 16.03 0.144
PL3 11.39 0.017 16.08 0.469
Mean (St. dev.) 10.93 (0.60)  0.016 (0.001) 16.05 (0.03)  0.337 (0.171)
TL1 10.44 0.015 12.67 0.204
TL2 9.55 0.014 10.67 0.184
TL3 9.88 0.014 12.06 0.240
Mean (St. dev.)  9.96 (0.45) 0.014 (0.001)  11.80(1.03)  0.209 (0.028)

(a) PL specimens

20—
PL Specimens

16—

Tensile stress (MPa)

I I T ]
0 0.02 0.04 0.06
CMOD (mm)

(b) TL specimens
20 -

16 —

12—

Tensile stress (MPa)

| ! | ! |
0.02 0.04 0.06
CMOD (mm)

Fig. 8. Initial tensile behaviors including the first cracking.

[36] was adopted. The images were obtained by using high-resolution
camera.

The distribution characteristics of fiber can be quantitatively
evaluated by calculating coefficients based on the coordinates of fibers
and the shape of the fibers in the cutting plane. To detect the fiber
in the fiber images, the RGB image (Fig. 10(a)) is converted to a
grayscale image (Fig. 10(b)). The grayscale image is then converted to
a binary image (Fig. 10(c)) based on a set threshold object detection
method. In this process, the fibers can be distinguished from the
surrounding and other objects on the criteria of brightness and area.
The distribution characteristics of the fiber in the detected fiber
images are represented quantitatively by several coefficients.

First, the degree of fiber dispersion is quantitatively evaluated
based on calculation of the coefficient oy, referred to as the fiber
dispersion coefficient, as expressed by Eq. (24) [37].

Z(Xi_])2:| (24)

of = exp|—
f
[ &l

where 1y is the total number of fibers on the image and x; denotes
the number of fibers in the i-th unit, which is one of equivalent
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(a) PL specimens
20

PL Specimens

Tensile stress (MPa)

CMOD (mm)
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Fig. 9. Overall tensile behaviors.

squares divided from the total area. The value for ¢y tends to 1 for
a homogeneous dispersion of fibers, or 0 for a severely biased
dispersion.

The second coefficient is F,, which is the number of fibers in a unit
area, and is expressed by Eq. (25).

n
Fo=f (25)
where A is the area of the image.

The third coefficient is the packing density F, which is defined as
the division of an object's area by that of the object's circumscribed
circle, as expressed by Eq. (26).

— Aob
Fo= o (26)
where A, represents an object's area and A, means the area of the
object's circumscribed circle. The value for F, tends toward 0 for an
extremely elongated object like slender long cylinder or 1 for a
circular object. F, is useful for calculating the inclined angle of the fiber
to the cutting plane (Fig. 11), as expressed by Eq. (27).
ndl/4 d d;

F. = /4 :T:m:cose (27)

(a) RGB image

Fig. 10. Image transformation for detecting fiber distribution (in case of PL2): (a) RGB
image, (b) grayscale image and (c) binary image.

where 6, d;, and | are the inclined angle of the fiber, the diameter of the
fiber, and the major axis length of the fiber image, respectively.

The last is the fiber orientation coefficient (1)), which is calculated
by Eq. (10) considering F, of each fiber as well as probability density
distribution of the fiber orientation.

In order to evaluate the orientation of the fibers according to the
placement directions of UHPFRCC, the specimens were cut at the cross
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(a) single fiber image

@ ®
T o

X b4
|

(b) A-A section

N
N

fiber matrix

Fig. 11. Basic dimensions of inclined fiber; (a) plan view on the cutting plane; and
(b) side view at the section of A-A [36].

section, i.e., normal to the tensile direction, as close as possible to the
cracked plane after conducting tensile tests in order to obtain images
of the cross section. High resolution photographs were taken at the
cross sections to evaluate the orientation of the fibers. Digital images
were analyzed using the image processing technique.

The obtained images of the fiber distribution are presented in
Fig. 12, where it can be seen that in the case of concrete placed parallel
to the tensile direction of the specimen (PL specimens), the fibers are
more uniformly dispersed compared to TL specimens. Furthermore,
most of the fibers in the PL specimens are aligned more parallel to the
normal direction of the cut plane, relative to the TL specimens.

Fig. 13 presents the probability density distribution of fiber
orientation for each specimen. It can be easily found that the fiber
orientation distribution of the PL specimens is a left-skewed
distribution whereas the TL specimens show a right-skewed distri-
bution, which means that the fibers in the PL specimens have a
tendency to be aligned so that they are more perpendicular to the cut
plane (i.e. parallel to the tensile direction) whereas the fibers in the TL
specimens are more parallel to the cut plane (i.e. perpendicular to the
tensile direction). For the purpose of comparison, the probability
density distributions of 2-D random distribution and 3-D random
distribution are presented together. Fig. 14 presents a comparison of
the probability density distribution of fiber orientation for the
aforementioned 4 cases; the probability distributions of PL1, TL3,
2-D random, and 3-D random. Actual fiber orientation distributions
(PL1 and TL3) in the specimens are quite different from idealized ori-
entation distributions (2-D and 3-D random). This discrepancy seems
mainly due to the flow pattern of fresh composites and the fiber move-
ment in translation and rotation during placing, but the mechanism and
quantification has not been clearly made yet.

Table 3 shows the fiber distribution characteristics. F,, (the number
of fibers per unit area) of the PL specimens is equivalent to 0.351 and

roughly 50% higher than that of the TL specimens (0.221), which is
closely related to the fiber orientation distribution. In terms of the
fiber dispersion coefficient, oy of the PL specimens (0.407) is about
10% higher than that of the TL specimens (0.375), but there is no
significant difference in the Ag/A. ratio, where A, represents the area of
an image and Ay denotes the total area of fibers in the image.
Concerning the fiber orientation coefficient (1)), PL specimens have
higher values than TL specimens. 1), is related to pre-cracking behavior
and first cracking strength of a composite as mentioned earlier.
Compared with the values for 2-D and 3-D random fiber distributions,
the obtained coefficients are considerably different from those of the
idealized distributions. PL specimens present higher coefficient than
2-D as well as 3-D, while TL specimens have a coefficient between the
values for 2-D and 3-D. The results also indicate that assumption of
idealized distribution is far apart from reality in placement and the
distribution is considerably affected by placing condition.

4.2. Estimation of fiber bridging behavior

From the probability density distributions of fiber orientation, fiber
bridging behaviors can be obtained by means of Eqs. (18) and (19).
Fig. 15 presents the obtained fiber bridging behaviors for the PL
and TL specimens. It can be seen that the fiber orientation distribu-
tion significantly affects on the fiber bridging behavior. Comparison
also reveals that there is no noticeable variation among the bridging
behaviors in each case. Considering the variation of the degree of
fiber dispersion (o in Table 3) in each case as well as its difference on
average between PL and TL specimens, it can be estimated that the
difference in fiber dispersion between two cases is not considerable
enough to cause noticeable variation in the bridging behavior. There-
fore the obtained fiber distributions demonstrate that it is reason-
able to estimate only the effect of fiber orientation distribution on the
tensile behavior of the composites without any other variables.

PL1 and TL3 present median behaviors for each case. Thus,
hereafter, those are adopted as representatives of the PL and TL
specimens for analyzing the effect of fiber orientation distribution or
for comparison with experimental results.

4.3. Comparison and analysis for the tensile behavior of the composites

For pre-cracking behavior, test results revealed that the first
cracking stresses in the PL specimens were higher than in the TL
specimens. This finding is coincident with the analytical results that
a higher fiber orientation coefficient increases the first cracking
stress, as described previously. When the first cracking is calculated
by Eq. (7), the average fiber orientation coefficient of PL specimens
(0.645) produces the first cracking strength of 10.98 MPa and that of
TL specimens (0.431) leads to the strength of 10.79 MPa. Compared
with experimental results, the calculated first cracking strength
shows much smaller difference according to the value of fiber ori-
entation coefficient. However, it should be noted that it is very difficult
to quantitatively evaluate the small difference in the first cracking
strength due to fiber orientation distribution through the experiment
since there is always a little variation in experimental results due to
many reasons enough to influence on the difference significantly. In
addition, the difference according to the fiber orientation distribution is
not as great as in the post-cracking behavior. Therefore, the comparison
and analysis is mainly focused on the post-cracking behavior.

As noted earlier, post-cracking behavior of a composite can be
described as the combined behavior of the resistance by the fibers and
the matrix, and for the tension softening curves for the matrix, the
bilinear softening behavior proposed in CEB-FIP Model Code 1990 [32]
was adopted first in the analysis.

Fig. 16 compares the analytically obtained post-cracking behaviors
with experimental results for the PL and TL specimens. The softening
behaviors show a similar tendency between the analytical and
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(a) PL1

1009

(d) TL1

(b) PL2

(c) PL3

Fig. 12. Digital images of fiber distribution for PL and TL specimens.

experimental results for the two cases, but the ascending behavior
and the peak stress show noticeable difference between the analytical
and experimental results. It can be said that the analytical solutions
underestimate the post-cracking behavior of the composites.

The difference can be attributed to two major reasons. The first is
the bond condition at the interface between the matrix and the fiber. The
bridging behavior is obtained based on the pullout test results. However,
the bond condition in the pullout test is not precisely equal to that in an
actual composite mixed in a conventional manner. The second is that the
softening behavior of the matrix appears to be different when it is mixed

with fibers. In Fig. 16, it is found that the analytically obtained ten-
sile behavior of the composites exhibits a sudden stress drop and recovery
as soon as cracking occurs, but this did not occur in the experi-
mental results. Considering this difference in the tensile behavior, the
tension softening of the matrix may occur very slowly, rather than
suddenly in a narrow crack opening range such as in the CEB-FIP Model
Code 1990 [32]. Generally, even if a tiny notch was given in the center of
the prism, the presence of fibers in the matrix might cause multiple
cracking inside of the ligament. The presence of multiple cracking
during the crack propagation process could be observed in the



1010 S.-T. Kang, J.-K. Kim / Cement and Concrete Research 41 (2011) 1001-1014

(a) PL1
2.5 Measured
i == = ==2.Drandom
=m=m===3-Drandom
2 —
T
T 15
>
=
= i
©
g 14
E i 4"—‘—
_'_'_'_'}"" e m
0.5 et
'
i Rad
R
0 T I T —I
0 /4 /2
6 (radian)
(b) PL2
2.5+ Measured
| == = ==2-Drandom
==m=m=m==3-Drandom
2 —
= .
T 15—
>
=
5 .
2
o 1 e
a | —”-—
e
S Y 1
0.5 — ,&”
'
-
i o
”
0 1 T I T ﬁ
0 /4 /2
6 (radian)
(c) PL3
254 Measured
i == = ==2-Drandom
== =mm==3-Drandom
2|
—- i
>
T 15
>
=
5 i
2
o 1 e
o P
i e
=R Ry el KR
— Ca
0.5 /,
-
i 2
L
0 ' T ' —
0 /4 /2
0 (radian)

(d) TLA
2.5 Measured
i == = ==2-Drandom
=m=m==3-Drandom
2_
T
T 15
=
=
= i
3
o el
o i "—"
-
R — ;}—'._._._. - —
0.5 2
2
i ,,'t'
-
0 Z T I T —I
0 /4 n/2
6 (radian)
(e) TL2
2.5 Measured
i == = ==2-Drandom
=mmm== 3-Drandom
2 —
= i
q 15
=
=
5 i
2
o 1 P ————
=8 | ",o"
t e
b = - - _;/._._. R —
0.5 — 5od
i ”’t'
-
0 4 T I T j
0 /4 n/2
6 (radian)
(f) TL3
254 Measured
| == = ==2-Drandom
==m=m== 3-Drandom
2 |
= .
] 15
1
b~
H .
3
2 — ) o
o -
. -
o = m - 'J"'"_'_'_ — —
0.5 2l
. /,,
0 < ' T ' 1
0 /4 /2
6 (radian)

Fig. 13. Probability density distributions for PL and TL specimens.

experiment on the notched specimens. Therefore the softening behavior
of matrix could seem to be much more ductile than its own natural
softening behavior. Strictly speaking, it is not original tension softening
curve of matrix in UHPFRCC. We therefore defined the phenomenological

softening behavior of matrix in the composites as ‘apparent tension
softening curve of matrix’ considering the effect of added fiber. Thus it can
be explained that the matrix in the composites may present much better
resistance and increased energy absorbing capacity in post-cracking
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Fig. 14. Comparison of the probability density distribution of fiber orientation.

behavior. This apparent tension softening may be dependent on the
characteristics of fiber (aspect, length, volume fraction, etc.) as well as
matrix properties (strength, aggregate size, etc.).

The consideration of the first reason can be reflected in Eq. (28),
and thus Eq. (19) is replaced by the following equation.

P®,1,,0) = af[f’fppullout(eﬁlwﬁ) (28)

where frrepresents a coefficient to consider the actual bond condition
in the composites. Comparison with the experimental results shows
that 3r= 1.2 can be applied to UHPFRCC.

In order to correct the error resulting from the second reason, we
attempted to extract the apparent tension softening curve of the
matrix in UHPFRCC from the direct tensile test results of UHPFRCC.
The post-cracking curve obtained from the direct tensile test is the
combined behavior of matrix softening and fiber bridging behavior.
Consequently, the apparent matrix softening behavior can be
assumed to be obtained by subtracting the fiber bridging curve from
the post-cracking curve of the composites. The obtained apparent
tension softening behavior of the matrix is given in Fig. 17. The test
results of the PL and TL specimens were used, and as the fiber bridging
behaviors, the analytic curves obtained from the fiber orientation
distribution were applied. The results are plotted as a relation
between the ratio of tensile stress to strength (o¢/f;) and CMOD.

As shown in Fig. 17, the apparent tension softening behaviors
appear to be similar for all specimens regardless of the fiber bridging
behaviors, and can be expressed by a bilinear softening curve for

Table 3
Fiber distribution characteristics.
[ Fn As/Ac un
(number/mm?)
PL PL1 0.396 0.372 0.054 0.635
specimens PL2 0.411 0.307 0.066 0.658
PL3 0414 0.375 0.055 0.642
Mean 0.407 0.351 0.058 0.645
(st.dev.) (0.010) (0.038) (0.007) (0.011)
TL TL1 0.364 0.201 0.064 0411
specimens TL2 0.392 0.228 0.056 0.459
TL3 0.370 0.235 0.062 0.422
Mean 0.375(0.015) 0.221 (0.018)  0.060 0.431
(st.dev.) (0.004) (0.025)
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Fig. 15. Calculated fiber bridging behaviors of PL and TL specimens.

simplicity. The following equations can be applied for the apparent
softening curve of the matrix in UHPFRCC.

Oy = ﬁ(]—oi7wﬂ> for 0.3f, < o, <f, (29)
C
Oy = wofj;tv] (w.—w) for 0 <o, <0.3f; (30)
c
w; = 0.2mm, andw, = 0.5mm (31)

From the apparent tensile softening curve of the UHPFRCC matrix, an
‘apparent specific fracture energy’ which is defined as the area under
the curve can also be determined. The calculated value is 1750 Nm/m?
when the tensile strength is assumed as 10 MPa. Considering the first
assumed G value for the pure UHPFRCC matrix was 30 Nm/m?, the
apparent specific fracture energy is much higher.

Fig. 18 compares the fiber bridging behaviors obtained from
Egs. (18) and (28) for four cases with each fiber orientation dis-
tribution. The PL specimen shows much better tensile performance
than the others. The TL specimen is also better than the cases with 2-D
and 3-D random fiber distributions, although its performance does
not equal that of the PL specimen.
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Fig. 18. Comparison of modified fiber bridging behaviors for different fiber orientation
distributions.

The combined post-cracking tensile behavior is depicted in Fig. 19.
Fig. 19(a) shows the initial behaviors up to a crack width of 0.2 mm, and
Fig. 19(b) shows the overall tensile behaviors. As can be seen in Fig. 19,
the post-cracking tensile behavior is strongly dependent on the fiber
orientation distribution, and the comparison shows that the post-
cracking tensile strength can be considerably different according to the
fiber orientation distribution; the post-cracking tensile strength of
the PL specimen is about 50% higher than that of 3-D randomly dis-
tributed fibers. In addition, no sudden drop of stress is found in the
initial behavior, and thus it can be said that the adoption of the apparent
matrix softening curve allows more precise expression of the post-
cracking tensile behaviors.

When compared with the experimental results of the PL and TL
specimens, the analytic approach appears to predict the post-cracking
tensile behaviors closely, especially for PL specimens, as can be seen in
Fig. 20. Concerning the TL specimens, the post-cracking tensile strength as
well as the behavior up to about 0.6 mm CMOD is predicted well, after
which, however, the softening behavior appears to be slightly over-
estimated. Nevertheless, it can be said that the prediction of post-cracking
tensile behavior from the actual fiber orientation distribution is in
relatively satisfactory agreement with the experimental results.

5. Conclusions

In this paper, the effect of the fiber orientation distribution on the
tensile behavior of UHPFRCC was investigated. The tensile behavior
was explored separately in two stages, pre-cracking and post-cracking
tensile behaviors.

(1) Pre-cracking tensile behavior is expressed using the mecha-
nism of elastic shear transfer between the matrix and the fiber
in the composites. The analysis revealed that improvement of
the first cracking strength by the fiber orientation was limited
to 10% for the entire range of the fiber orientation coefficient.
Experimental results verified that a higher fiber orientation
coefficient increases the first cracking stress slightly.

In order to predict fiber bridging behavior, a probability density
function for the fiber orientation distribution across the crack
surface and a pullout model of steel fiber were considered. Four
cases with different fiber orientation distributions were investi-
gated: 2D and 3D random distributions, and fiber orienta-
tion distributions acquired from an image analysis for ‘PL’ (the
case of placing parallel to the tensile direction of the specimen)
and ‘TL’ (the case of placing transversely to the tensile direction

—
N
—
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of the specimens) considered in the experimental program. The
comparison revealed that fiber orientation distribution had a
strong impact on the fiber bridging behavior.

Post-cracking tensile behavior of the composites was defined
as the combined behavior of the resistance by the fibers and the
matrixX. Tension softening behavior of the mortar in UHPFRCC
was found to be different from the typical softening curve of
concrete. In this research, the apparent matrix softening behavior
in UHPFRCC was studied under the assumption that the resistant
behavior by mortar could be thought equal to the actual post-
cracking curve minus the fiber bridging curve, and a simplified
bilinear softening curve that was applicable to the matrix in
UHPFRCC was suggested.

For the purpose of verification of the proposed analytical
method, an experimental investigation was performed. Direct
tensile test was carried out and the results were compared with
the analytical results. The comparison demonstrated that the
analytical approach estimated the effect of the fiber orientation
distribution on the tensile behavior of UHPFRCC reasonably
well and the predicted tensile behaviors showed satisfactory
agreement with the experimental results.
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Fig. 20. Comparison between experimental and analytical results.
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