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ARTICLE INFO ABSTRACT

Keywords: The mechanical performance of engineered cementitious composite (ECC) depends greatly on
Engineering cementitious composite fiber orientation and distribution. In this paper, the effect of fiber orientation on ECC’s me-
Fiber orientation chanical properties was investigated using two different casting methods: a flow-induced casting
Mechanical behavior was used to enhance the fiber orientation within ECC mixture and compared with the conven-

Digital image correlation

tional casting. The fiber orientation was quantified using scanning electron microscope (SEM) and
Crack width

image processing. Mechanical tests on the specimens with various fiber orientations were per-
formed. The failure processes of ECC specimens under compression and tensile tests were
analyzed using digital image correlation (DIC) technique. The proposed flow-induced casting
enhanced the fiber alignment in the flow direction. Consequently, ECC’s mechanical properties
were significantly improved with more finer cracks under uniaxial loading. In conclusion, the
proposed flow-induced casting can be adopted as an effective approach to improve fiber bridging
efficiency in ECC.

1. Introduction

Engineered cementitious composite (ECC) is a type of short fiber reinforced composite [1,2]. It exhibits pseudo-strain-hardening
behavior and multiple cracking under tension [3]. The tensile strain capacity of ECC is in the range of 3%-8%, which is two orders
of magnitude that of conventional concrete [4]. Moreover, the tensile strength of ECC is around 4-6 MPa, with compressive strength in
the range of 30-80 MPa based on the mixture composition design [5]. Due to these characteristics, ECC has attracted a lot of attention.

The noticeable improvement of the mechanical and physical properties of ECC is mainly attributed to the lower w/b ratio [6] and
fiber addition to the matrix [7]. The inclusion of the fiber enhances the tensile strength, strain capacity, flexural strength, fracture
toughness, durability, and fire resistance of the cementitious composite [8-10]. The introduction of fiber into the cementitious matrix
has two major effects: first, they act as micro-reinforcement, prevent microcrack propagation and delay the onset of the tensile cracks.
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Table 1

The mixture proportions of PVA-ECC (kg/m>).
Cement Fly ash Sand PVA fiber Water HRWRA VMA w/b*
568 682 455 26 325 6.25 0.57 0.26

w/b* water to binder ratio.

Table 2

Chemical compositions of fly ash and cement (wt. %).
Oxides Cement Fly Ash
SiO, 22.66 54.59
Al,O3 6.53 25.80
Fey03 3.05 6.96
CaO 58.26 5.49
SO3 4.51 1.83
MgO 3.00 0.99
K20 0.76 1.76
TiO, 0.55 1.26
MnO 0.33 0.11
P,0s 0.13 0.27
Specific gravity 3.15 2.32
Fineness % 2.22 2.86

Second, providing an interfacial transition zone ITZ (source of cracking sites) between cement mortar and the other particles within the
matrix [11]. The micro-crack propagation of the matrix can be controlled by fiber bridging and fiber/matrix debonding [12]. The
crack-bridging behavior of the fiber in ECC strongly depends on the fiber distribution and orientation relative to the loading directions
[13,14]. The crack-bridging stress increases as the fiber inclination angle to the load direction decrease [15].

In general, up to 2%vol fiber is used in ECC [16,17]. Several researchers studied the effect of fiber content on the mechanical
properties of ECC. They concluded that the mechanical properties of ECC improve with an increase in fiber content due to the increase
in fiber number in the unit cross-section, which enhances its ability to resist cracking. However, the excessive fiber content can result in
agglomeration and non-uniform dispersion of the fibers. Thus, the mechanical properties and durability of ECC decrease due to the low
workability of the mixture [18-21].

One of the main reasons for the variance in the flexural and tensile strength of the cementitious composite at the same fiber content
is mostly due to the fiber effect, such as fiber properties (fiber type, fiber content, aspect ratio) [22-25], fiber/matrix interfacial bond
[26], as well as fiber distribution and orientation [11,27,28]. The former two parameters can be adjusted during mixture design, while
the fiber distribution and orientation can be controlled during production.

In general, the production cost of the ECC is higher than conventional concrete. This can be mainly attributed to the use of
polymeric fiber [29,30]. This kind of fiber can be bent within the mixture during the casting, leading to fiber ball formation and
non-uniform dispersion, resulting in a lack of homogeneity [8,31]. Therefore, decreasing the fiber content while maintaining the
advantage of ECC is a major point of research. It can reduce the ECC production cost, simplify the flow and casting process, decrease
fiber ball occurrence, and improve the microstructure of the ECC. This would open the way for more widespread practical applications
[32]. Improving the fiber orientation and distribution has been considered as an effective way to achieve this.

Modifying fiber properties [33], mixing procedure [34], rheology, matrix flowability, casting process, wall effect [24,35-39], and
specimen thickness [2] have been employed to enhance the fiber distribution and orientation in the cementitious composite, leading to
improved mechanical properties. Among those, flow-induced approach can be considered the most effective [24,35], where the
flow-induced cast approach tends to promote axial fiber orientation in the flow direction. For steel fibers, numerous studies have been
carried out to investigate the effect of fiber orientation and casting method on concrete. Groth & Nemegeer [40] stated that the fiber
orientation in freshly mixed concrete exhibits flow-dependent characteristics. Huang et al. [41] utilized the flow-induced casting
method using L-shaped device to enhance the steel fiber orientation during UHPC placement. They concluded that this casting method
could improve the fiber alignment in the flow direction, leading to 65% higher flexural strength than the conventional casting method.

The fiber distribution and orientation can be governed through a balanced set of carefully designed casting approach and the fresh
state properties of the cementitious mixture. However, limited experimental studies have been conducted to assess the effect of the
PVA fiber alignment on the cementitious composite. In the authors’ previous work [42], the flow-induced approach has been suc-
cessfully used to improve the PVA fiber alignment during the casting process. Due to the constraints of the developed instruction
device, the study was limited to the influence of fiber orientation on the flexural behaviors. The results indicate that flexural strength
and deformability can be enhanced.

The current research focuses on the influence of fiber distribution and orientation on ECC response under various loading con-
ditions. For this purpose, a flow-induced method was proposed to cast the ECC mixture, which enhances the fiber alignment with the
flow direction. SEM and image processing techniques were applied to measure the fiber distribution and alignment degree. Uniaxial
compression, splitting, four-point bending, and uniaxial tension tests were carried out. Combined with digital image correlation
technique, the influence of fiber distribution and alignment degree on the cracking process was characterized, and the mechanism
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Table 3

The mechanical and physical properties of PVA fibers.
Length (mm) Diameter (pm) Elongation (%) Density (g/cms) Tensile Modulus (GPa) Tensile Strength (MPa)
12 40 7.0 1.3 39.5 1650

Fig. 1. The extrusion device with steel nozzle.

behind it was explained.

2. Experimental program

2.1. Materials and mixture proportions

Table 1 summarizes the ECC mixture proportions, which consists of ordinary Portland cement (OPC) with strength grade of 42.5N,
class F fly ash, Quartz sand, water, viscosity modifying agent (VMA), high range water reducing admixture (HRWRA), and PVA fiber.
The water-to-binder ratio (w/b) was 0.26. Table 2 presents the chemical compositions of the fly ash and cement. Quartz sand has a
grain size ranging from 80 to 120 pm and a median particle size of 100 pm. Hydroxypropyl methylcellulose (HPMC) VMA with a
viscosity of 150,000 Pa s was chosen. Polycarboxylate ether (PCE)-based HRWRA was used. Its water reducing efficiency was about
20%. PVA fibers were used in this study. It was supplied by the Kuraray Corporation company-Japan. The mechanical and physical
properties of PVA fibers are presented in Table 3.

2.2. Mixing process

All ECC mixtures were made following the same mixing protocol. For each mix, a 60-L capacity was used. About 20L material was
produced for one batch. Cement, fly ash, silica sand, and VMA were first mixed without water for 2 min. Afterwards, the water mixed
with HRWRA was added gradually for another 5 min mixing. Once a consistent and uniform mixture was reached, the fiber was
gradually added. This was followed by 5 min of mixing. The fresh mixtures were then used for casting.

2.3. Casting process and specimen preparation

Two casting approaches (i.e., the flow-induced method and conventional method) were used to prepare specimens in the present
study. For each casting method, three types of specimens were prepared, as shown in Fig. 2. They are: slabs with the dimension of 400
mm X 400 mm x 15 mm and prisms in size of 400 mm x 100 mm x 100 mm, and dog-bone specimen, whose dimensions are shown in
Fig. 3. The same batch of fresh ECC mixture was used for both casting approaches.

In the conventional method, the mixture was manually poured into the molds. Specimens cast in this approach are termed as R-
ECC, where the fiber is randomly distributed. Regarding the flow-induced method, an extrusion machine was used to enhance the fiber
alignment with the flow direction. Specimens cast by this method are referred O-ECC, where the fiber is oriented with the flow di-
rection. The machine mainly involves three modules, namely feeding, extrusion, and flow-induction (see Fig. 1). The feeding module
consists of a hopper to pour the mixture through. The hopper was mounted to the screw pump (extrusion system) to discharge the fresh
ECC mixture. The tube was connected to the extrusion module for the flow induction. Two sizes of the tube were used. The first tube
consists of different diameters connected by an expander to increase the tube diameter. A steel nozzle was used to control the tube
outlet with 300 mm x 10 mm dimension to cast the slab molds. Each slab consisted of two layers approximately 10 mm thick, and the
extruded filament width was equal to the nozzle width in all layers. The casting direction was as illustrated in Fig. 2a.

The other tube has a diameter of 100 mm. It was used to cast the prismatic specimens with the size of 400 mm x 100 mm x 100 mm.
In order to align the fibers with the flow direction during the extrusion phase, the outlet of the extruder tube was connected with a steel
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Fig. 2. Schematic description of casting and cutting directions of ECC specimens a) Slab specimen b) Prismatic specimen c) Different cutting angle.

nozzle having a size of 100 x 10 mm. The outlet nozzle opening in a z-direction (i.e. vertical direction) is 10 mm, as shown in Fig. 2b. It
is less than the fiber length, limiting the fiber to rotate freely in the z-direction. Consequently, the fibers tend to align with the flow
direction [37,43]. Ten layers were applied to cast each prismatic specimen layer by layer with approximately 10 mm layer height (see
Fig. 2b). A slight external vibration (Formwork vibrator) was employed to eliminate the air bubbles. Two layers were cast using the
same tube with the size of 100 x 10 mm for the dog-bone molds. The extrusion rate was 0.02 m/s for the prismatic specimen, 0.09 m/s
for the dog-bone specimen, and 0.04 m/s for the slab specimen.

For the flexural test, five ECC slab specimens were cast, and four beam specimens measuring 350 x 50 x 15 mm were cut from each
slab at the different cutting directions (0°, 30°, 45°, and 90° concerning the x-axis), see Fig. 2a. For compression and splitting testing,
nine prismatic specimens for the compression and four prismatic specimens for the splitting were cast for both approaches. Then, three
cubic specimens with the size of 70.7 x 70.7 x 70.7 mm were cut and prepared for each approach. Furthermore, three cubic specimens
of 70.7 mm?® were cut from O-ECC prismatic specimens (see Fig. 2¢) at different fiber orientations (0°, 30°, 45°, and 90° concerning the
x-axis). Finally, six dog-bone specimens were prepared for the tensile test. Note that the dog bone specimens were directly made by the
two casting approaches, and only two cases (aligned and random fiber) were considered. Table 4 presents the load direction to fiber
alignment of ECC specimens under different loading conditions. After casting, all specimens were levelled off and covered with the
plastic film to avoid water evaporation, then de-molded after 24 h of the casting. Afterwards, the specimens were cured in the curing
room at constant temperature (23 + 3 °C) and relative humidity (98 + 2) % until the testing date.
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Fig. 3. Schematic description of tensile specimen and installation.

Table 4

The load direction to fiber alignment of ECC specimens under different loading conditions.
Sample name Loading condition Load direction to fiber alignment
c-0 Compression oriented
CC-0 0°
CC-30 30°
CC-45 45°
CC-90 90°
CR random
S-0 Splitting oriented
SC-0 0°
SC-30 30°
SC-45 45°
SC-90 90°
S-R random
F-0 Flexural oriented
FC-0 0°
FC-30 30°
FC-45 45°
FC-90 90°
F-R random
T-0 Uniaxial tension 0°
T-90 90°
T-R random

Note: C Compressive test, S splitting test, F Flexural test, T Tensile test, C-0, C-30, C-45, and C-90 Cutting direction relative to the load direction.

3. Test procedure

3.1. Uniaxial tension test

Uniaxial tension test was instrumented using an INSTRON 8801 machine. The test setup is shown in Fig. 3. Three dog-bone
specimens were tested for each case. The test was under displacement control with a loading rate of 0.1 mm/min. Two linear vari-
able displacement transducers (LVDT) were installed at the sides to measure the tensile deformation of the gauging zone (80 mm).
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Fig. 5. Original microscope image and segmented fiber images at different cutting direction of the F-O and F-R slabs.
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3.2. Uniaxial compression and splitting test

Uniaxial Compression and splitting tests were carried out using a universal testing machine (WDW-300). Before the test, a surface
treatment was done to obtain a uniform and smooth surface. The specimens were loaded between two steel plates for the compression
test. Two roller supports were used for the splitting test. Three cubic samples for each approach and three cubic samples for each
cutting angle were tested. The test was performed with a loading rate of 0.5 mm/min for the compression test and 0.3 mm/min for the
splitting test. The splitting strength is defined as Eq. (1):

2P
— 1
zD? @

where S is splitting strength (MPa), P is peak load (kN), and D is the length of cube.

3.3. Four-point bending test

Four-point bending test was conducted using a universal testing machine (WDW-10E microcomputer-controlled electronic). Five
samples were tested for each cutting direction to secure proper reproducibility of the results. The loading and support spans were 100
mm and 300 mm, respectively. A constant displacement rate of 0.5 mm/min was applied. Four-point flexural strength can be
determined by Eq. (2):

_PL

- (2

where F is flexural strength (MPa), P is peak load (N), L is support span (mm), b is specimen width (mm), and d is specimen depth (mm).

3.4. Strain field and crack width analysis

DIC technique was applied to visualize the strain field and analyze the cracking behavior of specimens under uniaxial tension and
compression tests [10]. For DIC analysis, white base paint and random black speckles were applied to the specimen surface, as shown
in Fig. 3. The digital images were captured every 3 s during the test using a Canon EOS 80D camera with a spatial resolution of 2976 x
1984 pixels and a graphic resolution of 5.9 megapixels. The distance from the sample center to the camera was set as 656 mm for all
tests. This leads to the full visibility of the specimen. The acquired images were post-processed using Match ID 2021 software. A subset
size of 21 x 21 pixel? and a step size of 10 pixels were selected for the analysis. The average number of cracks and crack spacing were
measured using ImageJ software by dividing the cracked zone length by the number of cracks. The cracked zone length was assessed
from photos as the distance between the two adjacent cracks [44].

3.5. SEM imaging and image segmentation

To quantify the fiber alignment degree caused by different casting approaches, SEM images were taken under the backscattered
electronic (BSE) microscope mode, as shown in Fig. 5. For bending test, four beam specimens were cut from each O-ECC slab in
different directions (see Fig. 2a). After bending test, small specimens of 10 x 15 x 5 mm were then cut out from each beam specimen
for the BSE investigation. The cut positions were far away from the loading zone (see Fig. 4). Then, the cut specimens were vacuum
soaked using epoxy resins and kept for 24 h under room condition. Afterwards, all specimens were ground and polished until a smooth
surface was obtained. After each polishing step, samples were soaked in absolute ethanol, and an ultrasonic bath was used to remove
any residual dust. A magnification of 50x was utilized to reveal the fiber within the matrix [45]. Under this setup, the image covers an
area of 2.38 mm x 1.91 mm with a resolution of 1.85 pm/pixel. For each case, five images from different positions (blue dots) on the
cross-section were taken (see Fig. 4). The acquired microscopy images were then analyzed using ImageJ software to distinguish the
PVA fiber from the surrounding ECC matrix, a process known as image segmentation. To improve the segmentation process, micro-
scope images can be filtered first to sharpen the fiber boundaries and reduce noise. The fiber inclination angle 6 of each specimen was
then calculated by calculating the minor and major axes of each fiber’s cross-section, as shown in the following section. The image
processing analysis is described in detail in Ref. [42].

3.6. Fiber orientation analysis

After the image segmentation, the acquired data was used to characterize the features of fiber alignment. The number of fibers Ny

per unit area is defined as the following equation
N/

Ny=—" 3
=2 3
where N{ is the total number of fibers counted in the acquired image, A is the total image area.

The fiber inclination angle can be determined according to its projected cross-section on the captured image [46]. The cross-section
of the fibers can be shaped in three forms at the plane, namely circle, elliptical and rectangular. The major axis and minor axis of each
projected cross-section can be used to quantify the fiber orientation angle using Eq. (4)

d
0=cos™'2L 4
ly
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Table 5

Fiber orientation parameters of the F-O specimens at different cutting direction.
parameters F-O0 F-R
Fiber properties Cutting direction angle

FC-0 FC-30 FC-45 FC-90
Average Fiber Orientation 26.2° 36.7° 53.0° 64.6° 47.1°
Orientation factor 0.86 0.75 0.57 0.40 0.68
Distribution coefficient 0.64 0.54 0.52 0.61 0.53
Total Number of fibers 75 53 39 36 51
Number of fibers per unit area Ny 17 12 8 7 11
30 - Average

v

25 H

N
=
1

10

Fiber orientation angle ()

wn
1

Image 1 Image 2 Image 3 Image 4 Image 5

Fig. 6. Fiber orientation angle at different zones for FC-0 specimen.

where 6 is the fiber orientation angle, defined as the angle between the fiber axis and the normal direction to the cut plane, dy is the
fiber diameter and represents the minor axis length of the fiber sectional image, I; is the major axis length of the fiber.
To investigate the variance of fiber orientation angle, an orientation factor @ was introduced using Eq. (5)

1 n
=— 0 5
a n;cos (5)

where n is the total number of fibers in the acquired images, 6; is the orientation angle of fiber i. When a = 1, all the fibers parallel to the
reference direction, while a = 0, all the fibers are perpendicular to the reference direction.
To assess the difference of fiber distribution within matrix, fiber distribution factor n was determined using Eq. (6)

D (XX B 1)2

n=exp | — 6)
n

where X; is the number of fibers in ith image, Xg,. is the average number of fibers in all images, and n is the number of images.

4. Results and discussion
4.1. Fiber orientation characteristics

Fig. 5 presents the BSE images of the samples cut from the F-O slabs at 0°,30°,45°,90° inclined degree with respect to the flow
direction and F-R specimen. The black dots represent the cross-section of PVA fibers, while the remaining grey regions indicate the
cementitious matrix [14]. The fiber orientation angle, orientation factor, and the number of fibers for each specimen are summarized
in Table 5. In the FC-0 specimen, most fibers tend to be circular and uniformly distributed (see Fig. 5). As the cutting angle increases,
the projected cross-section shifts from circular to ellipse, as observed in FC-30 and FC-45 specimens. Clearly, the greater the cut angle,
the greater the projected area. Most fibers in FC-90 specimens tend to have a flattened ellipse and an approximately rectangular shape.
Five images from different positions on the cross-section were taken for each case. Fig. 6 shows the fiber orientation angle calculated
from different positions for FC-0 specimens. The variance coefficient is smaller than 0.1. This means that the fiber alignment is more or
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Fig. 7. Relative frequency distribution of the fiber inclination angle at different cutting direction of the F-O and F-R slabs.

less the same along the cross-section, and the calculated orientation factor is representative. Besides, a higher fiber distribution co-
efficient indicates a more uniform fiber distribution. The fiber distribution coefficient of FC-0 is 20.7% higher than that of F-R,
indicating that the extrusion approach indeed enhances the fiber distribution in ECC.

Furthermore, the fiber orientation factor o of the FC-0 specimens were 0.86, which is about 15%, 51%,115%, and 27% greater than
the FC-30, FC-45, FC-90, and F-R specimens, respectively. The larger the fiber orientation factor, the smaller the angle between the
fiber and the perpendicular direction to the cut section. Similar observation was found by Bi et al. [47]. The findings demonstrate that
the FC-0 specimens provide a better fiber orientation and more fibers number in the matrix cross-section. This can be attributed to the
flow-induced method where the fibers are aligned with the flow direction, leading to a higher number of fibers per unit area. In this
case, the fiber content required can be reduced while maintaining the mechanical properties of the ECC mixture. This would be an
important step towards decreasing the production cost of the ECC.

The relative frequency distribution of fiber inclination angle is shown in Fig. 7. It is clear that the fiber angle is centralized within
the range of 10°-30° for FC-0 specimens, which occupies about 69% of the total amount. This confirms that the flow-induced casting
approach is an effective way to enhance fiber alignment. In terms of the FC-30, FC-45, FC-90, and F-R specimens, the relative frequency
of the inclined fiber angle exhibits a broad distribution, where 61%, 54%, 67%, and 53% of the total amount was mainly within the
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Table 6
Compression strength and fracture energy of the C-O at different cutting direction and C-R specimens.
Specimen name Compression strength (MPa) Fracture energy (N/mm)
CC-0 54.0 +£1.43 34.6
CC-30 44.2 + 0.86 34.0
CC-45 47.4 £0.75 29.0
CC-90 55.6 + 0.92 38.1
C-R 51.4 +1.69 30.2
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Fig. 9. Compressive strength of the flow induced casting method at different fiber inclination angle and conventional methods of ECC.

range of 30°-60°, 40°-70°, 60°-90°, and 40°-70°, respectively, see Fig. 7. The results show clear evidence that the fibers within the slab
differ in orientation. This indicates that fiber distribution and orientation highly depend on the casting approach [48,49]. Noteworthy,
during the extrusion of the ECC through the nozzle, the wall effect and the nozzle’s shape enhance the fiber alignment in the flow
direction [37,50].

4.2. Compression behavior

Fig. 8 shows the compressive stress-deformation curves of the cube specimens at different fiber inclination angles and C-R spec-
imens. The stress-deformation curve can be divided into four regimes: a linearly ascending regime, a short non-linear ascending

10
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-0.06 SOI0S SO e, 0.0075 0.03

Fig. 10. The strain field and failure pattern of (a) CC-0, (b) CC-90 and (c) C-R specimens (The color bar represents the strain, the negative corresponds to the
compressive strain and positive means tensile strain). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

regime, a descending regime, and a residual state regime. The linearly ascending region A referred to the elasticity modulus of ECC
grown under the elastic deformation, followed by a short non-linear ascending regime B before the peak load. This non-linearity
ascending curve results from various deformations as the initial closure of pores and microcracking initiation caused by the lateral
expansion of the specimen [51]. The fibers act as barriers against the crack widening. Afterwards, the main crack is formed at the peak
load (point P). In the descending regime C, different post-peak behavior was observed for different specimens, where the slope of this
regime increases with the increase of fiber inclination angle relative to the load direction. In this regime, the matrix gradually loses its
load-resisting ability with increasing deformation. Here, cracks propagate and coalesce in irregular patterns up to the boundaries of the
specimen. Then, a gradual decrease of stress with increasing the deformation continues until the residual state D. This is followed by
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(@

©

Fig. 11. Splitting strength of specimen at different fiber angle: (a) SC-0; (b) SC-30; (c) SC-45; (d) SC-90and the (e) S-R specimens.

Table 7
Splitting strength of the S-O and S-R specimens.
Casting method Cutting direction angle Splitting strength (MPa)
S-O0 SC-0 291 +0.18
SC-30 2.44 £ 0.14
SC-45 2.63 = 0.09
SC-90 2.59 +£0.12
S-R 2.53+0.15
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Fig. 12. Flexural stress-deflection curves of the F-O specimens at different cut direction: (a)0°; (b)30°; (c) 45°; (d) 90° and (e) F-R specimens.

the curve’s flattening. In this regime, the stress-deformation curves of the C-O specimens with different cutting directions exhibit more
ductile behavior, where the stress curves remain almost constant with increasing the deformation. Compared to the C-R specimens, the
stress curve gradually decreases with increasing the deformation. Table 6 presents the fracture energy of ECC specimens at different
fiber orientations. The fracture energy is defined as the post-cracking energy absorption ability of the material, it represents the energy
that the material will absorb during failure [52-54]. In the current study, the area under the post-peak regime of the stress-deformation
curve was used for the fracture energy calculation and end of the deformation was taken as 11 mm. The fracture energy of the CC-0 and
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Table 8
The mechanical properties and crack parameters of the F-O specimens at different fiber angle and F-R specimens under four-point test.

Mechanical properties F-O F-R

Cutting direction angle

FC-0 FC-30 FC-45 FC-90
First crack strength (MPa) 6.10 + 0.58 5.70 +£ 0.77 5.20 +£1.18 4.80 + 0.39 5.06 £ 1.1
Ultimate flexural strength (MPa) 15.50 + 0.94 12.20 + 0.57 10.47 + 0.28 7.70 + 0.55 11.67 + 0.89
Mid-span deflection (mm) 32.92 +1.63 23.64 £ 2.19 17.11 &+ 3.25 12.73 £ 1.7 28.34 £2.1
Number of cracks 47 £5 36+3 24+3 13+2 41+2
Crack spacing (mm) 3.89 4.22 7.21 11.69 4.28

Fig. 13. Crack pattern of the F-O specimens at different cut direction and F-R specimens after four-point bending test.

CC-90 are 34.6 N/mm and 38.1 N/mm which are 14.55% and 26.16% greater than C-R specimens. This improvement can be attributed
to the contribution of fiber alignment with the load direction to the failure resistance, where the deformations on the existing cracks
continue to propagate under almost a constant stress level. Furthermore, the fiber alignment also decreases the fiber distances leading
to higher fracture energy [55].

Fig. 9 presents the compressive strength of both flow-induced at different fiber inclination angles and conventional casting methods
of the ECC specimens. Table 6 summarizes the average compressive strength of three cubes tested for the C-O specimens at the
different cutting directions and C-R specimens at 7 and 28 curing days. The compressive strength of the C-O specimens at the CC-0 and
CC-90 cutting direction relative to the load direction was higher than the C-R specimens (see Fig. 9). This improvement can be
attributed to the mechanical pressure caused by the auger rotation during the extrusion process which enhances the compaction of the
mixture leading to an increase in the compressive strength [56]. Furthermore, the positive effect of controlling the fiber orientation on
the compressive strength is the fiber’s ability to confine the concrete specimen under uniaxial loading [57]. The applied load produces
lateral expansion of the specimen, creating tensile and shear forces on the specimen’s lateral surfaces. The oriented fibers resist the
tension and shear forces more than the randomly distributed fibers [57]. Increasing the number of oriented fibers within the
cementitious matrix in the horizontal or vertical direction leads to confining the specimen in the transversal direction, which reduces
the transversal deformation of the cementitious specimen, enhancing its compressive strength. The compressive strength of the
flow-induced specimens at the CC-0 and CC-90 was 54.0 and 55.6 MPa, which is 5.05% and 8.03%, higher than the conventional
specimens. Thus, the uniaxial compressive behavior is sensitive to the fiber alignment [58]. Fiber misalignments related to the load
direction significantly lower the composite compressive strength. The composite is locally subjected to longitudinal stress and
transverse shear stress due to the compressive composite stress decomposition. As the fiber angle in relation to the loading direction
increases, the longitudinal stress decreases, while the transverse shear stress increases [59].

Depending on the direction of the PVA fiber, the compressive strength of cubes that cut from the C-O prismatic specimen at
different cutting angles [ 0°, 30°, 45°, 90°] varied by up to 19%, about 10.6 MPa (see Fig. 9). In this regard, the unidirectional of the
fiber in the compression loading direction turned out to be critical. The compressive strength obtained from the C-O specimens was
54.0 and 55.6 MPa, for fiber orientation degree [0°, 90°]. While it was 44.2 and 47.4 MPa for the specimens with [30°, 45°] fiber
orientation degree, respectively. The reduction in compressive strength at fiber orientation degree [30°, 45°] is due to the effect of the
shear friction caused by the applied load in the fiber/matrix interface, which leads to poor interfacial bonding resulting in matrix
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Fig. 14. Relations between flexural strength and mid-span deflection at different fiber orientation factor.

failure. Similar observations were reported in Ref. [60].

The DIC strain field as a color map overlaid on the surface and the failure patterns of the CC-0 and C-R specimens are shown in
Fig. 10. It was observed that the strain field of the CC-0 and CC-90 specimens is relatively uniform. In addition, the failure occurred
along the longitudinal direction of the fiber, where cracks follow the fiber direction and are relatively arrested in the transverse di-
rection of the fiber (see Fig. 10a and b). Furthermore, the crack pattern is finer and more homogeneously distributed with the fiber
direction, indicating a better internal stress distribution on the surface. Compared to the C-R specimens, the strain field is shown
unevenly distributed, and the failure took place at all specimen sides with the formation of inclined cracks. In addition, the crack
patterns are wider and heterogeneous distributed, where the vertical cracks begin from the top at an inclined angle and are less
dominant (see Fig. 10c). According to Riedel et al. [61], the unidirectional fiber alignment improves the compressive strength of
ultra-high-performance concrete more than random fiber.

4.3. Splitting behavior

Fig. 11 shows splitting cracks of S-O specimens at 0°, 30°, 45°, and 90° cutting directions perpendicular to the load direction, and
the S-R specimens. The peak load and splitting strength of ECC specimens for both casting methods are listed in Table 7. In general, the
specimens broke into two portions due to the brittle cracking behavior.

On the other hand, fiber orientation plays an important role in enhancing the splitting strength and specifying the crack pattern
[62]. Different failure patterns appeared on ECC specimens, see Fig. 11. Local splitting cracks grow on both sides of the main splitting
crack at a certain load, where the fiber bridging the cracks redistributes the tensile stress of the cracked ECC matrix. The splitting
strength of the S-O specimens at SC-0 is 2.91 MPa which is 1.15 times that of the S-R specimens. In addition, paralleled local cracks on
both sides of the main splitting crack are observed for the SC-0 specimen, while only one crack is observed for the S-R specimens. In the
case of the SC-30 and SC-45 specimens, one local crack parallel to the main splitting crack in the SC-30 specimen is developed, while
multiple cracks appeared parallel to the main splitting crack in the SC-45 specimen. In the case of the SC-90 specimens, a local crack
branching the main splitting crack was developed. The improvement of the splitting strength in the SC-0 specimens may be attributed
to the effect of fiber direction relative to the tensile load. In addition, the embedded effective length increases as the inclination fiber
angle are smaller with the direction of the load [63], which enhances the splitting strength and crack propagation. Furthermore, the
splitting strength of SC-45 and SC-90 specimens enhances when compared to S-R specimens. This can be attributed to the unidirec-
tional fiber distribution which provide sufficient bonds between the fiber and cement paste more than random fiber distribution,
enhancing the concrete strength [53].

4.4. Flexural performance

The flexural stress-deflection curve of the F-O specimens at different cut directions (0°, 30°, 45°, and 90°) and the F-R specimens
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Fig. 15. The tensile stress-strain curves of the (a) T-0, (b) T-90, and (C) T-R specimens.

Table 9

The mechanical tensile properties of the T-0 and T-R specimens at 28 days.
Mechanical properties T-0 T-90 T-R
First cracking stress (MPa) 291 +£0.25 2.66 + 0.56 2.67 + 0.44
Peak stress (MPa) 5.20 £ 0.78 3.28 +0.087 4.55 £ 0.38
Strain capacity (%) 5.00 £ 0.45 0.85+ 0.3 3.51 £0.35
Number of cracks 23+3 7+3 15+ 4
Average crack width (pm) 72 + 23 108 + 78 118 + 18

are plotted in Fig. 12. The first crack strength, ultimate flexural strength, mid-span deflection crack number, and crack spacing for each
condition are summarized in Table 8. It is evident that all specimens exhibit deflection-hardening behavior. However, the deform-
ability and bearing capacity are different (see Fig. 12). This can be attributed to the varied crack-bridging capacity caused by the
different fiber orientation [24,64]. At the beginning, the mid-span deflection increases linearly under the flexural loads. When
reaching the end of the linear regime, a sudden drop occurs. It can be attributed to the first crack formation [42,65]. The point just
before the drop is therefore defined as the first crack strength. With fiber angle relative to the cast direction increasing, the first crack
strength gradually reduces. As it has been pointed out by Refs. [66,67], the influence of fiber is limited on the first crack strength
because the matrix strength dominates the stress. Specifically, the average first cracking strength of the FC-90 specimens is 4.8 MPa,
which is 21.3% lower than FC-0 specimens. This is in accordance with [14]. In comparison, the first crack strength of the F-R specimens
is 5.06 MPa which is 17% lower than the F-O specimens in the case of the FC-0 cutting direction with the flow direction.

After the first cracking point, the flexural stress-deflection curves continue rising until the ultimate flexural stress. At this point, the
main crack localizes. In this stage, different deflection-hardening behaviors accompanied by the formation of multiple cracks are
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Fig. 16. Crack patterns of (a) T-0, (b) T-90, and (c) T-R specimens.

observed in each group. This is due to the various crack-bridging capacities caused by the fiber distribution and orientation [14,68].
The deflection-hardening curves of the FC-0 specimens exhibit more fluctuations than the others, indicating that more cracks are
formed. This is because most fibers are aligned to the tensile load direction, which enhances the fiber bridging strength. Therefore, a
significant amount of stress can be transferred from the matrix to the fibers, enhancing the crack growth restriction. Ge et al. [42]
pointed out that the smaller the inclined angle between the fiber and tensile stress, the greater the fiber bridging stress. Consequently,
higher flexural strength and deflection capacity were obtained. In contrast, with the larger inclination angle of the fiber relative to the
tensile stress, the fibers are undergoing higher stress caused by the snubbing effect. Therefore, the fiber is more likely to rupture, which
leads to lower strength [2]. The ultimate flexural stress of the FC-0 specimen was 15.5 MPa which is about 27%, 48%, 101%, and
32.8% greater than the FC-30, FC-45, FC-90 specimens, and F-R specimens, respectively. This corresponds to different mid-span
deflection, where the deflection is 32.92 mm for the FC-0 specimens, which is 39%, 92%, 159%, and 16% greater than the FC-30,
FC-45, FC-90 specimens, and F-R specimens, respectively. The improved deflection-hardening in the FC-0 specimen ascribes to the
flow-induced effect on the fiber inclination. During this stage, fibers are aligned with the flow direction. This results in a greater
effective embedded length, which mainly leads to enhancing the fiber bridging strength and overall performance of ECC [66,69,70].

Fig. 13 shows different crack patterns of the F-O specimens with different cutting directions and F-R specimens. The crack dis-
tribution of the FC-0 specimens was more uniform than the others. It is also noticed that the crack number increases, and the crack
spacing decreases as decreasing the inclined fiber angle relative to the load direction. The number of cracks increases from 13 cracks to
47 cracks, while the crack spacing reduces from 11.69 mm to 3.89 mm for the FC-90 and FC-0 specimens, respectively (see Table 8).
Compared to F-R specimens, the number of cracks and crack spacing were 41 and 4.28 mm, respectively. The improvement of the FC-
0 specimens indicates the positive influence of the fibers, especially with the small inclination angle on the crack widths and crack
spacings as well as on the deformation behavior.

ECC with better fiber orientation (larger fiber orientation factor a) exhibits higher flexural strength and deflection. Fig. 14 depicts a
relationship between flexural strength and mid-span deflection at various fiber orientation factors. Flexural strength and deflection
increase linearly as the fiber orientation factor increases. Results of flexural strength and deflection exhibit good linear correlation with
the fiber orientation factor, which can be expressed by a quadratic function (R? > 0.95) and (R? > 0.93), respectively.

4.5. Uniaxial tensile behavior

The uniaxial tension stress-strain curves of the T-0, T-90, and T-R specimens are plotted in Fig. 15. The stress-strain responses
demonstrate a noticeable difference in strain-hardening behavior for different types of specimens. The first crack strength, ultimate
tensile strength, strain capacity, crack number, and crack width are tabulated in Table 9. At the beginning, the tensile stress-strain
curves rapidly increase under elastic deformation until the first crack is formed. The first cracking strength of the T-0 specimen is
2.91 MPa, which is 9.3% and 8.9% higher than T-90 and T-R specimens, respectively. The limited difference in the first cracking
strength in the tensile test is similar to the observation in the flexural test, which may be attributed to the fact that it is the matrix that
mainly governs the tensile behavior of the cementitious composite before cracking [64]. While the fiber orientation and distribution
have a quite limited effect on the first cracking stress [71].

After the first crack, the tensile stress curves increase with the development of subparallel cracks, which contribute to increasing the
strain and load bearing capacity until the peak load. At this point, a localized crack is formed, leading to the failure. The ultimate
tensile strength of the T-0, T-90 and T-R specimens are 5.2 MPa, 3.28 MP and 4.55 MPa, and their corresponding tensile strain reaches
5%, 0.85% and 3.5%, respectively. The stress and strain increment of the T-0 specimens are over 14% and 42% compared to T-R
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Fig. 17. DIC strain fields and crack patterns of the T-0 and T-R specimens at different strain level (The color bar represents the tensile strain). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

specimens, respectively, and 59% and 488% higher than T-90 specimens, respectively, indicating a strong effect of the fiber orientation
on the stain-hardening behavior, which is usually governed by the fiber bridging capacity [24].

The magnitude of stress fluctuation on stress-strain curves is mainly determined by matrix strength and fiber bridging capacity
[72]. The stress fluctuations along with the whole loading stage are shown in Fig. 15. A fine crack corresponds to minor stress fluc-
tuation in the stress-strain curve, enhancing the strain-hardening behavior, while a large crack corresponds to considerable stress
fluctuation. During crack propagation, the maximum stress drops of the T-0 specimens was 0.79 MPa, while it was 1.01 MPa for T-R
specimens. Due to the fiber alignment enhancement by the flow-induced method, the fiber bridging capacity is enhanced to transfer
the loads to the matrix, leading to formation of more fine cracks. Fig. 16 presents the crack patterns of the T-0, T-90 and T-R specimens.
The difference in tensile behavior indicates that the fiber orientation depends strongly on the casting method and dramatically in-
fluences the stain-hardening behavior. In contrast, the matrix had a limited contribution to the tensile softening behavior [64].

Fig. 17 shows the DIC strain fields and crack pattern of the T-0 and T-R specimens at different strain levels, namely (0.5¢;, 0.8¢;.
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Fig. 18. SEM photographs of the fiber failure modes for the F-0 and F-R specimens.

0.9¢;, and &y). & is the ultimate tensile strain capacity of the ECC specimens. The color code represents the local tensile strain values.
Note that the some of the tiny cracks are not visible in this strain filed. Nevertheless, multiple cracking behavior is observed for both
specimens (see Fig. 17). As the tensile strain capacity increased, the number of cracks in the ECC specimens increased [73]. At the
ultimate stage, saturated multiple cracking was achieved almost along with the T-O specimens, while the cracks were concentrated in
the upper and middle tension zone for the T-R specimens. This is attributed to the effect of fiber alignment in the load direction. It can
also be noticed that the number of cracks in T-0 specimens was greater compared to T-R specimens. In T-0, 23 cracks form, which is
34% more than T-R (15 cracks). The number of cracks decreases to 7 for T-90. Using ImageJ software, the crack width was measured
based on the original digital image shot at the ultimate tensile strain for each specimen. The crack was first segmented from the image
and the crack width is measured based on the distance between each pair of crack lips. More details of this approach can be found in
Ref. [74]. The average crack width of the T-0 specimens was 72 pm, while it was 108 pm and 118 pm for T-90 and T-R specimens,
respectively.

4.6. SEM microscopy

The SEM micro-images of the fiber failure mode for the F-0 and F-R specimens under flexural test are shown in Fig. 18. A com-
bination of pull-out and fiber rupture is observed in both specimens. The F-0 specimens exhibited more fiber pull-out failure than the F-
R specimens due to the effect of the fiber alignment. In contrast, the fibers in F-R specimens are more prone to rupture failure. This is
due to the fact the fiber in F-R was distributed randomly, leading to a significant variance in the fiber inclination angle relative to the
load direction [75]. In addition, the apparent interfacial bond strength of the fiber/matrix reduces with increasing fiber inclination
angle [76]. The occurrence of fiber rupture and matrix spalling increases with increasing fiber inclination angle related to the load
direction [63], negatively affecting the fiber bridging strength [77]. Thus, the fiber alignment reduces the probability of fiber rupture,
leading to enhancing the fiber bridging strength and tensile strength of the ECC matrix. Furthermore, the pull-out failure mode
provides a larger ductility of the cementitious composite than fiber rupture failure [77]. This is confirmed by the current study.

5. Conclusions

In this study, the effect of fiber orientation on the mechanical properties of ECC made with different casting methods (Flow-induced
and conventional methods) was investigated. It is found that when fibers are oriented with the load direction of ECC specimens,
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improved fiber bridging strength and mechanical properties with finer crack width are obtained. The conclusions are as follows.

— The Flow-induced casting method achieves a higher degree of fiber alignment than the conventional method. For comparison, four
patterns of fiber orientation were detected for the Flow-induced casting method and conventional method as well. The fiber
orientation a of the FC-0 specimens reach 0.9, which is about 20%, 58%,125%, and 32% greater than the FC-30, FC-45, FC-90, and
F-R specimens, respectively.

— Compared to random fiber distribution, increasing the number of oriented fibers horizontally or vertically improves the
compressive strength and ductility of the post-peak behavior of ECC. Whereas increasing the number of oriented fibers with an
inclined angle reduces the compressive strength of ECC. The compressive strength of the CC-0 and CC-90 specimens was 54.0 and
55.6 MPa, which is 5.05% and 8.03 %higher than the C-R specimens, respectively. In contrast, the compressive strength of the CC-
30 and CC-45 specimens was 44.2 and 47.4 MPa, which is 16.36% and 8.57%lower than the C-R specimens, respectively.

— The flexural performance of the F-0 specimens shows an improvement over the F-R specimens according to the fiber inclination
angle and casting method. The ultimate flexural stress of the FC-0 specimens was 15.5 MPa which is about 27%, 48%, 101%, and
32.8% greater than the FC-30, FC-45, FC-90 specimens, and F-R specimens, respectively. This is accompanied by larger deflection
and more narrow cracks.

— The fiber orientation plays a prominent role and governs the response of ECC matrix under splitting load, where the splitting tensile

strength increases with the fiber orientation angle perpendicular to the load decreasing. The splitting strength of the S-O specimens

at the SC-0 cutting direction is 2.91 MPa, which is about 15% greater than the S-R specimen.

The flow-induced casting method leads to restricting crack width development under uniaxial tension loading with increased

deformation ability and crack number due to the effect of fiber orientation. The average crack width and crack number of the T-

0 specimens were 72 pm with 23 cracks, while it was 118 pm with 15 cracks, and 108 pm with 7 cracks for T-R and T-90 specimens.
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