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a b s t r a c t

Polyvinyl Alcohol-Engineered Cementitious Composites (PVA-ECC) designed based on micromechanics
exhibit high tensile ductility (above 1%) and limited crack widths (below 100 lm). The tensile perfor-
mance of ECC is dependent on the fiber and flaw size distributions. These parameters are known to be
influenced by the matrix flowability and mix processing; however, a comprehensive quantitative analysis
framework linking fiber and flaw size distributions to the tensile performance of PVA-ECC is needed to
supplement theoretical understanding of the relationship between micromechanical parameters and
composite macro-properties. In the present work, fiber distribution (dispersion and orientation) of two
different ECCs in terms of matrix flowability was investigated using fluorescence microscopy and
advanced digital image analysis. The maximum flaw size distribution along the specimens was also ana-
lyzed by cross-sectional image analysis. The influences of fiber and flaw size distributions on the compos-
ite behavior of PVA-ECCs were experimentally established.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, Engineered Cementitious Composites (ECC)
with significantly high tensile ductility and limited crack widths
have emerged as a promising alternative to normal concrete and fi-
ber reinforced concrete for improving structural performance.
Micromechanically designed ECC has tensile ductility at least 100
times higher than concrete, and it utilizes moderate fiber content
of 2% or less by total mix volume [1]. The design of ECC is based
on micromechanics-derived scale-linking models to predict the
composite behavior, which is closely dependent on the fiber and
flaw size distributions along with fiber/matrix interfacial bond
properties [2]. For instance, the bridging efficiency of fibers drops
by up to 50%, when the fiber distribution is changed from 1D uni-
form alignment to 3D random distribution [3], and the ductility of
ECC can be improved by more than 100% through incorporation of
artificial flaws of appropriate size range [4]. The design of ECC with
robust mechanical performance requires detailed knowledge of
how tensile properties are governed by fiber and flaw size
distributions.

Recent studies showed that the fiber and flaw size distributions
in ECC are dependent on the matrix flowability and mix processing
[5,6]. In a typical ECC mixing procedure, fibers are added after a
plastic matrix state is achieved. An ECC matrix usually consists of
cementitious materials, fine aggregate, water, and admixtures.
The processing details such as mixer type, mixing speed, time
and sequence, and mixing personnel’s experience level can influ-
ence the homogeneity of the ECC matrix. Li and Li [5] studied the
relationships between matrix rheology, fiber dispersion uniformity
and composite strain capacity. The role of flaw size was not a focus
on that study. Li and Wang [2] recognized the influences of both fi-
ber dispersion uniformity and flaw size distribution on composite
properties, but only quantified experimentally the flaw size distri-
bution. A quantitative research combining the roles of fiber distri-
bution (both dispersion and orientation) and flaw size distribution
on composite tensile properties has not been reported. This paper
aims to fill this knowledge gap.

The objective of this study is to systematically correlate the ten-
sile strength and ductility of ECCs by considering the effects of
three different processing parameters (largest flaw size, fiber dis-
persion coefficient, and fiber orientation distribution), simulta-
neously. It provides an effective approach to investigate the
variation of ECC ductility with respect to ECC microstructure and
specimen processing. For this purpose, PVA-ECC mixtures with
the same mix ingredients were deliberately prepared with two dif-
ferent contents of HRWR admixtures. Their flowability was mea-
sured indirectly using Marsh cone flow times. The uniaxial
tensile stress–strain properties were determined by using dogbone
shaped specimens. After the tension tests, each dogbone specimen
was sectioned at a number of locations within the gauge length.
Maximum flaw size distribution, fiber dispersion coefficients, and
fiber orientation distributions were measured at each cross-sec-
tion. Tensile ductility differences between the specimens of each
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ECC mixture are discussed based on this cross-sectional data
analysis.
2. Research significance

To design ECC with consistent mechanical properties, it is nec-
essary to gain a comprehensive understanding of the roles of the
variability of flaw size and fiber distribution on composite tensile
behavior. This paper develops quantitative linkages between the
material microstructure and composite macro behavior. For this
purpose different experimental techniques were applied simulta-
neously for the first time to determine the fiber and flaw distribu-
tion in ECC, and correlate with tensile properties. The findings of
this research enhance the fundamental knowledge of the factors
governing the tensile ductility of ECC. With broadening use of
ECC in field applications, this fundamental knowledge becomes
increasingly significant in constructing structures with reliable
performance.
3. Experimental studies

3.1. Materials and mix proportions

Type I ordinary Portland cement (OPC) compliant with ASTM
C150 [7] was used in all mixtures. The physical properties and
chemical composition of class F fly ash used in this study are listed
in Table 1. This fly ash contains significant amount of Calcium
Oxide (CaO). Approximately 83% (by weight) of fly ash particles
are finer than 44 lm which indicates high reactivity with the sec-
ondary hydration products. Silica sand with a maximum grain size
of 250 lm and a mean size of 110 lm was utilized as fine aggre-
gate. A polycarboxylate-based high range water reducing admix-
ture (HRWRA) was used for the purpose of changing the matrix
flowability.

PVA fibers with 39 lm diameter and 12 mm length were used.
The density, nominal tensile strength, Young’s modulus, elongation
at rupture of PVA fibers are 1.3 g/cm3, 1620 MPa, 42.8 GPa and 6%,
respectively. In order to reduce the excessive chemical bond be-
tween fiber and matrix, the surface of the PVA fiber is oil coated
(1.2% by weight) at the manufacturing stage.

ECC mixtures were prepared using a Hobart mixer with a capac-
ity of 5 l. All solid ingredients were premixed without water for
2 min. Water and HRWRA were then added. The resulting mixture
was mixed for 1 min at low speed and for 2 min at high speed,
respectively. Two PVA fiber reinforced ECC mixtures were prepared
with identical fiber volume fraction (2%) and matrix proportions
(adopted from [8]), except that the HRWRA dosage was deliber-
ately varied to adjust matrix flowability (see Table 2). The matrix
flowability was indirectly measured using a modified Marsh cone
(orifice diameter was increased to 20 mm) flow time, as described
in Li and Li [5] who reported a strong linear correlation between
the modified Marsh cone flow time and plastic viscosity. The flow
time of ECC-I and ECC-II mixes exhibiting different flowability
were 15 s and 36 s, respectively. Relatively high flow time
Table 1
Analysis results of class F fly ash from Headwaters DTE Monroe.

Chemical analysis (%) Physical analysis

SiO2 44.09 Fineness (retained on 44 lm) (%) 16.85
Al2O3 23.21 Strength activity index 7d (%) 83
Fe2O3 8.39 Strength activity index 28d (%) 92
SO3 1.46 Water requirement (% of control) 97
CaO 14.04 Autoclave soundness (%) 0
LOI 0.56 Density 2.45
(between 24 and 37 s) is recommended by Li [9] for achieving bet-
ter PVA fiber dispersion. HRWRA induced flow difference is ex-
pected to alter the pore structure and related maximum flaw size
of ECC-I and ECC-II mixes.

3.2. Specimen preparation and mechanical tests

Fresh ECC mixtures were cast into dogbone shaped molds on a
vibration table at a moderate vibration rate. The geometry of dog-
bone specimens conforms to JSCE [10]. Three 50 � 50 � 50 mm3

cube specimens were also prepared with the same casting proce-
dure for compression strength tests. Specimens were demolded
after 24 h. After demolding, specimens were cured in sealed plastic
bags at room temperature (23 ± 3 �C) for 7 days and then stored at
room temperature until the age of 28 days.

At 28 days, uniaxial tensile tests were performed with a servo-
hydraulic testing frame, under displacement control (0.5 mm/min).
Two external linear variable displacement transducers (LVDT)
were attached to the specimen with a gauge length of 100 mm
for strain measurement. The uniaxial tensile test setup is shown
in Fig. 1. The uniaxial compression tests were performed in accor-
dance with ASTM C109 [11].

3.3. Methodology of cross-section analysis

After performing the uniaxial tensile tests, the gauge length re-
gion of each dogbone specimen was sectioned into five equal
pieces perpendicular to the loading direction. Ten cross-sections
with surface area of 30 � 12.7 mm2 were exposed in this way
(Fig. 2). The saw caused a loss of approximately 3 mm of specimen
thickness at each cut. Due to this reason, cross-sections facing each
other exhibited different flaw and fiber distribution characteristics.
For example, bottom of piece #1, section (2), is different from the
top of piece #2, section (3). All cross-sections were ground with
#600 and #1000 SiC paper (2 min at 200 rpm for each paper) to
create a smooth surface.

3.3.1. Determination of maximum flaw size distribution
Maximum flaw size at a given cross-section determines the

cracking stress of the matrix at that section in accordance with Ir-
win’s fracture criterion. Each cross-section was photographed with
a high resolution camera. Binary images were processed using
thresholding in the Image-J software of the National Institute of
Health (NIH), and the maximum flaw size at each cross-section
was determined (Fig. 3). In some cases light colored grinding dust
filled the flaws and slightly reduced the observed flaw size. Overall,
the maximum flaw sizes at all cross-sections were satisfactorily
determined with this technique.

3.3.2. Determination of fiber dispersion coefficient
While flaw size distributions can be determined using basic

optical microscopy, more advanced techniques are needed to
determine the fiber distribution, such as fluorescence microscopy
combined with digital image analysis, transmission X-ray photog-
raphy, and AC-impedance spectroscopy [12–16]. Fluorescence
microscopy combined with digital image analysis is particularly
useful for detecting Poly-vinyl Alcohol (PVA) fibers in ECC [12],
and is employed in this study for quantifying fiber distribution.

Among the cross-sections obtained above for flaw size analysis,
the cross-section nearest to the final failure crack was first ana-
lyzed in order to determine fiber dispersion coefficient. This
cross-section is considered to be the ‘‘weakest section’’, where fiber
bridging strength is the lowest and, therefore, determines the ulti-
mate tensile strength of the dogbone specimen. Additionally, three
more cross-sections in the vicinity of this selected section were



Table 2
The mixture proportions of PVA-ECCs with different flowability.

Mixture
code

Cement
(kg/m3)

Fly ash
(kg/m3)

Silica
sand (kg/
m3)

Water
(kg/
m3)

PVA fiber
(kg/m3)

HRWRA
(kg/m3)

ECC-I 570 684 455 331 26 10.2
ECC-II 6.6
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analyzed for comparing the fiber distribution at the ‘‘weakest
section’’ to other cross-sections.

An Olympus BX-51 microscope suitable for bright-field and
wide-field fluorescence (350–543 nm) microscopy equipped with
an Olympus DP-70 high resolution digital camera was used
Fig. 1. Tensile test setup, specimen dim

Fig. 2. Methodology of dogbone specim
(Fig. 4a) to capture fluorescence images of dogbone cross-sections.
The specimen surface was first illuminated by a mercury lamp gen-
erating light with a broad range of wavelengths. PVA fibers are
known to fluoresce and emit green light in the range of 440–
460 nm when excited by ultra-violet incident light of 370–
390 nm wavelength [17]. The illumination light was separated
from the emitted fluorescence of considerably weaker intensity
using a UV filter. Through this process, fibers under the fluores-
cence microscope appear as brightly colored green elliptical dots,
while the surrounding cementitious matrix appears as dark gray
(Fig. 4b) in cross-sectional images [12]. The fluorescence images
were then captured by the DP-70 camera. For each cross-section,
fifteen images (1024 � 1360 pixels corresponding to an area of
3.25 � 4.30 mm2) were captured from the grid-limited regions of
ensions and LVDT configuration.

en cut and analyzed cross-sections.



Original image (2307x975 pixel) Binary image 

Fig. 3. Binarization for maximum flaw size detection by manual thresholding.

Fig. 4. (a) Olympus BX-51 Fluorescence microscope employed in this study, (b) Fluorescence image of the cutting plane, where greenish light color points represent PVA
fibers.
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each cross-section as illustrated in Fig. 5. In order to limit the effect
of specimen edges, grid lines were started from 1 mm inside the
cross-section. Scanned area with fifteen images was 70% of total
effective cross-section area ((28 � 10.7 mm2) of a dogbone speci-
men. Photographs with blurred fiber images due to inadequate pol-
ishing or presence of any major void were discarded. In this
manner, good quality fluorescence images were obtained for each
dogbone cross-section for fiber distribution analysis.

The fiber distribution was quantified using the deviation of the
number of fibers from the average number of fibers in a unit area
(cross section) [12]. The whole cross sectional image of the speci-
mens was divided into n unit areas. The number of fibers in each
unit area was counted and the coefficient of variation /(x) was cal-
culated (Eq. (1)). The fiber dispersion coefficient aTorigoe was calcu-
lated as exponent of �/(x) (Eq. (2)) [18].

/ðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðxi��xÞ2

n

q
�x

ð1Þ

aTorigoe ¼ exp½�/ðxÞ� ð2Þ

where xi is the number of fibers in the unit area i, �x is the average
number of fibers in all unit areas, and n is the number of unit areas.
A dispersion coefficient of 1 indicates perfectly homogeneous fiber
dispersion whereas coefficients approaching 0 indicate inhomoge-
Fig. 5. Grid notation of the cutting plane and area of each captured image in
comparison with whole cross-section (Small rectangle represents the area captured
by microscope camera).
neous fiber dispersion. This numerical method described in Torigoe
et al. [12] was recently used by Zhou et al. [6] and Li and Li [5] in
order to correlate the fiber dispersion coefficient and related tensile
ductility improvement by adjusting mixing sequence and matrix
viscosity, respectively.

The fiber dispersion coefficient calculated with Torigoe’s meth-
od significantly depends on the selection of the number of the unit
areas (n) in which each fluorescence image is divided for the anal-
ysis. Lee et al. [19] modified this method by fixing the number of
unit areas equal to the total number of fibers in an image, which
effectively makes �x ¼ 1 in Eq. (1). The degree of fiber dispersion
is then evaluated by calculating the fiber dispersion coefficient aLee.

aLee ¼ exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðxi � 1Þ2

n

s2
4

3
5 ð3Þ

Lee et al. [19] also enhanced the fiber-detection performance by
employing advanced digital image analysis techniques such as cat-
egorization, segmentation, watershed algorithm, and morphologi-
cal reconstruction. For this purpose, a MATLAB program was
developed and successfully utilized to obtain useful information
about fiber distribution (dispersion and orientation) from the
images captured by fluorescence microscope [17,19]. This program
was used to determine the fiber dispersion coefficient (aLee in Eq.
(3)) of each florescence image. Additionally, fiber dispersion coeffi-
cient values using Torigoe’s approach were (aTorigoe in Eq. (1) with
n = 15) calculated from the variation of number of fibers at whole
cross-section for comparison purpose.

3.3.3. Determination of fiber orientation distribution functions
PVA fibers with cylindrical shape project as ellipses on a cutting

plane, with minor axis equal to the fiber diameter (d) and major
axis (l) equal to d/cosh, where h is the angle with respect to loading
axis (fiber inclining angle) (Fig. 6). Thus, by measuring the aspect
ratio (major axis/minor axis or l/d of the ellipse), the fiber orienta-
tion can be determined by arccos (d/l). The MATLAB program
developed by Lee et al. [19] is also capable of automatically calcu-
lating the inclination angle of each fiber and computing the orien-
tation distribution data for each fluorescence image. Furthermore,
it is possible to plot the best-fit probability distribution function
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Fig. 8. Uniaxial tensile stress–strain curves of (a) ECC-I and (b) ECC-II specimens.
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compared to the ECC-I specimens. For a given material processing
procedure, the entrapment of air bubbles in a less flowable matrix
seems more likely than a highly flowable matrix. The maximum
flaw size of only 4 cross-section surface was greater than 3 mm
among all ECC-I specimen cross-sections and the average of 40 sec-
tions was 2.0 ± 0.8 mm. On the other hand, maximum flaw size at
11 ECC-II specimen cross-sections was greater than 3 mm with an
average maximum flaw size of 2.3 ± 1.1 mm (Fig. 9). Largest flaw
size was lower than 3 mm in most of the cross-sections of both
ECC-I and ECC-II specimens which seems insufficient to initiate a
large number cracks required for high tensile ductility.

The percentage of cross-sections exhibiting the similar maxi-
mum flaw size in 0.5 mm intervals are plotted for ECC-I and ECC-
II specimens, respectively (Fig. 10). Slight increase in the maximum
flaw size in the ECC-II mix can be observed from this figure. Similar
results were previously reported by Wang [21], in which the max-
imum flaw size range in PVA-ECC was 1.7 mm to 4.2 mm with an
average of 2.8 mm. Wang [21] reported that the number of cross-
sections with maximum flaw size large enough to initiate cracks
was low but the tensile ductility was successfully enhanced by
the addition of plastic beads into ECC mixture to act as artificial
flaws.

The presence of entrapped air due to low flowability slightly
lowered the 28 days compressive strength results. The average
compressive strength of the ECC-II cube specimens is
70.3 ± 1.5 MPa compared to 75.2 ± 1.8 MPa of ECC-I specimens.
Table 3
Tensile properties of ECC-I and ECC-II specimens.

Mixture code First crack strength (MPa) Ultimate tensile strength (MPa)

ECC-Ia 5.70 6.86
ECC-Ib 2.77 6.81
ECC-Ic 3.72 4.93
ECC-Id 5.33 6.58
ECC-Ia 4.38 ± 1.38 6.30 ± 0.92
ECC-IIa 4.54 6.59
ECC-IIb 5.31 6.90
ECC-IIc 4.33 7.08
ECC-IId 5.99 6.63
ECC-IIa 5.04 ± 0.76 6.80 ± 0.23

a average ± standard deviation.
The first crack strength is plotted against the inverse square
root of largest flaw size (largest among all maximum flaw sizes
at various cross-sections) observed in various specimens in
Fig. 11. A weak correlation is observed between the first crack
strength and inverse square root of the largest flaw size values of
both ECC-I and ECC-II specimens, which is in agreement with the
fracture mechanics principles. The specimen ECC-IIb is considered
an outlier in this correlation. Since a cut-plane does not usually
pass through the first crack plane, the maximum flaw size on that
plane may not have been captured which explain the weak corre-
lation observed.

4.2. Fiber dispersion coefficient and orientation analysis

The fiber dispersion coefficients calculated using the ap-
proaches of Lee et al. [19] (aLee in Eq. (3)) and Torigoe et al. [12]
(aTorigoe in Eq. (1) with n = 15) for four cross-sections in the vicinity
of the failure crack in all dogbone specimens are listed in Table 4.
Out of the four cross-sections, the cross-section nearest to the fail-
ure crack is marked in bold for each dogbone specimen. While aLee

is an average of 15 fiber dispersion coefficients (one for each rect-
angle in the grid shown in Fig. 5) computed using the approach of
Lee et al. [19], aTorigoe is a single value for the entire dogbone cross-
section. As noted earlier, aTorigoe is dependent on n. As n approaches
1 (only one image per cross-section), aTorigoe approaches 1; and as n
approaches the total number of fibers in the image, aTorigoe ap-
proaches aLee.

Fiber dispersion coefficients calculated by using Lee et al. [19]
(aLee) and Torigoe et al. [12] (aTorigoe) are plotted against tensile
ductility in Fig. 12a and b, respectively. Gray and black colored
symbols correspond to ECC-I and ECC-II specimen values, respec-
tively. While the unfilled symbols in Fig. 12 represent the average
fiber dispersion coefficients calculated at all four cross-sections of
a dogbone specimen, the filled symbols represent the fiber disper-
sion coefficients at the cross-section nearest to the failure crack.
Additionally, the corresponding best-fit linear correlations are also
plotted in these figures (dashed and solid lines for the average of
four sections and the cross-section nearest to the failure crack,
respectively). Fiber dispersion coefficients calculated by using the
approach of Lee et al. [19] show positive correlations with tensile
ductility, i.e. better fiber dispersion leads to higher tensile ductility.
The correlation is slightly stronger in the case of ECC-I specimens
compared to ECC-II specimens Fig. 12a. Using the approach of Tor-
igoe et al. [12], similar positive correlation is observed between fi-
ber dispersion coefficients and tensile ductility in the case of ECC-I
specimens. For example, lowest tensile ductility was measured
from ECC-Ic specimen (0.40%) and the calculated fiber dispersion
coefficients for the weakest section of this specimen were
aLee = 0.220 and aTorigoe = 0.695 (Table 4). On the other hand, ECC-
Ib specimen exhibited the highest tensile ductility (2.54%) was
measured from fiber dispersion coefficients for the weakest section
of this specimen were aLee = 0.313 and aTorigoe = 0.808. However, a
Tensile ductility (%) Number of cracks Residual crack width (lm)

1.22 11 39
2.54 20 35
0.40 2 64
1.42 21 38
1.40 ± 0.88 18 ± 9 44 ± 13
1.36 13 38
0.93 9 80
2.29 18 53
2.04 21 41
1.66 ± 0.62 15 ± 5 53 ± 19



Fig. 9. Maximum flaw size distributions of ECC-I and ECC-II specimens along the loading axis.
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negative correlation is observed for ECC-II specimens in the case of
Torigoe et al. [12] approach (Fig. 12b). This shows the lack of sen-
sitivity of aTorigoe with respect to fiber dispersion, which may be
due to small value of n (15 images per cross-section) used to com-
pute aTorigoe. aLee is a better representation of fiber dispersion com-
pared to aTorigoe within the results of this study.

The ultimate tensile strength values were also found to be in
correlation with fiber dispersion coefficients (aLee), i.e. better fiber
dispersion leads to higher ultimate tensile strength. As plotted in
Fig 13, this correlation was more significant in the case of ECC-I
series. In general, the ultimate tensile strength of materials is asso-
ciated with largest flaw size since the largest flaw is supposed to
create the weakest section. However, in the case of ECC, the ulti-
mate tensile strength is governed by the minimum capacity of
bridging fibers among all cracked planes in the process of multiple
cracking. The largest flaw along the whole length only controlled
the first crack strength and not the ultimate strength. As seen from
the results of ECC-I and ECC-II specimens there is no correlation
with the ultimate strength and largest flaw size (Table 3, Fig. 9).
While ECC-Ic specimen with low aLee value (0.220) exhibited low-
est ultimate tensile strength (4.93 MPa) among other specimens,
largest flaw size of this specimen was only 3.2 mm. On the other
hand, ECC-Ic specimen with high aLee (0.313) exhibited higher ulti-
mate tensile strength (6.81 MPa) with a higher largest flaw size
(3.8 mm). These results confirmed that the final failure and related
ultimate tensile strength of ECC are governed by the fiber disper-
sion (which in turn governs the fiber bridging capacity) rather than
largest flaw size.

Best-fit fiber orientation distributions instead of theoretically
expected 2D uniform distribution) are determined using 60 fluo-



Table 4
Fiber dispersion coefficients calculated by Lee et al. [19] and Torigoe et al. [12] approach.

Cross-section (vertical order) aLee aTorigoe Cross-section (vertical order) aLee aTorigoe

ECC-Ia (3)a 0.315 0.741 ECC-IIa (1)a 0.293 0.913
ECC-Ia (4) 0.296 0.805 ECC-IIa (2) 0.299 0.860
ECC-Ia (5) 0.293 0.820 ECC-IIa (3) 0.294 0.879
ECC-Ia (6) 0.293 0.858 ECC-IIa (4) 0.301 0.850
ECC-Ib (5) 0.339 0.828 ECC-IIb (7)a 0.307 0.848
ECC-Ib (6) 0.307 0.806 ECC-IIb (8) 0.291 0.845
ECC-Ib (7)a 0.313 0.808 ECC-IIb (9) 0.311 0.839
ECC-Ib (8) 0.299 0.835 ECC-IIb (10) 0.310 0.848
ECC-Ic (1)a 0.220 0.695 ECC-IIc (1) 0.323 0.763
ECC-Ic (2) 0.275 0.791 ECC-IIc (2) 0.325 0.847
ECC-Ic (3) 0.244 0.781 ECC-IIc (3)a 0.313 0.863
ECC-Ic (4) 0.297 0.836 ECC-IIc (4) 0.314 0.811
ECC-Id (7) 0.284 0.815 ECC-IId (1)a 0.315 0.854
ECC-Id (8)a 0.308 0.795 ECC-IId (2) 0.333 0.811
ECC-Id (9) 0.298 0.811 ECC-IId (3) 0.320 0.800
ECC-Id (10) 0.311 0.854 ECC-IId (4) 0.329 0.841

aLee : Average of 15 values at each cross section image, aTorigoe: Single value.
a Cross-section nearest to failure crack (refer to Fig. 2 for vertical cross-section numbers in parentheses).
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rescence images (4 cross-sections times 15 images per cross-sec-
tion) captured for each dogbone specimen. Only the peak point
of each probability distribution function, representing the mode
of the distribution, is plotted in Fig. 14 for ECC-I (left column)
and ECC-II (right column) specimens – each graph in Fig. 14 repre-
sents one dogbone specimen. The filled symbols correspond to the
cross-section nearest to final failure crack (shown in bold in the
legend of the Fig. 14). The modes of the distributions shown in
Fig. 7a–c are also pointed out in Fig. 14.

Fig. 14 provides significant insights into the orientation distri-
bution of fibers in various dogbone specimens tested in this study.
The highest density of points is between the smaller inclination an-
gles of 15� and 45� with respect to the longitudinal (or loading)
axis of the dogbone specimens. Additionally, the magnitude of
these modes (ordinate p(h)) increases at smaller inclination angles.
Both these observations may be caused by the casting process in
which the fresh plastic material flows along the longitudinal axis
of the specimen. Limited freedom of rotation of fibers in the third
dimension (specimen thickness) is another factor that increases
the number of fibers oriented at smaller angles [17]. Thus, the fiber
orientations are influenced by the specimen geometry, as expected.

In addition to the real effect of the specimen geometry on fiber
orientation, limitations of the fiber orientation detection and imag-
ing procedure may also influence the orientation distribution. For
instance, the aspect ratio (function of cosh) of the fiber image,
which is used to determine fiber orientation, changes by only
about 6% between 0� and 20� which is sometimes higher than
the stigmatism error in the microscope images causing all fibers
in 0–20� range to be counted with angles equal to or greater than
20�. Similarly, highly inclined fibers (between 80� and 90�) tend to
bend due to their low transverse stiffness, which reduces the as-
pect ratio of their projection on the section plane and are, there-
fore, detected as less inclined fibers [17]. Despite these
limitations, fiber orientation distributions provide valuable data
to interpret the relative variability in tensile ductility of dogbone
specimens tested in this study.
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The influence of fiber orientation distributions on the tensile
ductility of ECC-I specimens can be investigated by using Table 3
and Fig. 14. Among all ECC-I specimens, ECC-Ib exhibited the high-
est tensile ductility of 2.54%. From Fig. 14, it can be observed that
majority of fibers at all cross-sections are oriented between 15�
and 50�. These highly oriented fibers along loading axis signifi-
cantly improved the tensile ductility of this specimen. In contrast,
ECC-Ic shows the widest scatter of the modes of fiber orientation
distributions. Furthermore, most of the fibers at the failure section
are oriented above 65�, which significantly reduces the fiber bridg-
ing efficiency. As a result, the tensile ductility of this specimen was
only 0.40%. The modes of fiber orientation distributions of ECC-Ia
and ECC-Id are similarly spread between 15� and 75� at all cross-
sections. Tensile ductility of these specimens was limited to
1.22% and 1.42%, respectively. In general, the ECC-I specimens with
more number of fibers aligned with the loading axis (smaller incli-
nation angles) show higher tensile ductility than the specimens
with less aligned fibers.

Compared to ECC-I specimens, ECC-II specimens showed nar-
rower scatter in the modes of the fiber orientation distributions,
which ranged from 15� to 45�. Such narrower scatter in fiber orien-
tation distribution led to more consistent tensile ductility values in
the range of 0.93–2.29% in ECC-II specimens compared to 0.40–
2.54% in ECC-I specimens. It can be concluded that cohesive matrix
in ECC-II specimens due to comparatively low flowability is bene-
ficial for achieving consistent fiber orientation distribution and,
therefore, result in more consistent mechanical properties.

5. Conclusions

This study establishes the framework for studying the influence
of fiber and flaw size distributions on the tensile strength and duc-
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tility of ECCs exhibiting different microstructures. Based on the re-
sults, the following conclusions can be drawn:

1. Tensile ductility and ultimate tensile strength of ECCs can be
characterized by the fiber dispersion coefficients aLee. High aLee

is beneficial to the tensile performance of ECC.
2. A correlation is observed between the first crack strength and

inverse square root of the largest flaw size values of ECC speci-
mens while no correlation was observed between the ultimate
tensile strength and the largest flaw size.

3. A more cohesive matrix (as that for ECC-II) is beneficial for
achieving more consistent mechanical properties due to a nar-
rower scatter in fiber orientation distribution. In contrast, a
wide scatter in the modes of fiber orientation distributions at
various cross-sections of a specimen resulted in more variable
tensile ductility (ECC-I). Highly inclined fibers reduces the fiber
bridging efficiency, and therefore, tensile ductility of ECC
specimens.

4. Two techniques of computing fiber dispersion coefficients were
compared in this study in terms of their correlation with tensile
ductility. Of the two techniques, fiber dispersion coefficient aLee

is found to be a better representation of fiber dispersion com-
pared to aTorigoe. The lack of sensitivity of aTorigoe with respect
to fiber dispersion is due to small value of n (15 images per
cross-section) used to compute this coefficient.
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