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Abstract. Over the last decade, Engineered Cementitious Composites (ECC) con
taining Poly-Vinyl Alcohol fibers (PVA-ECC) have been extensively researched 
and used in a wide variety of structural applications utilizing the composite's high 
tensile ductility and durability. Fiber and flaw size distributions of PV A-ECC, 
which greatly affect its composite properties, have been studied in this research 
using fluorescence imaging and optical microscopy. Statistical analysis revealed a 
double-Gaussian best-fit distribution showing possible non-conservative preferen
tial alignment of fibers in dogbone specimens along the longitudinal axis of the 
specimen. Maximum flaw sizes at various sections ranged from 0.6 to 6.3 mm 
with a combination of lognormal and Gaussian distributions best-fitting the ob
served data. The effects of the above statistical distributions on composite stress
strain behavior are studied using micromechanics and scale-linking models. The 
predicted composite properties are then compared with the experimental data of 
the direct uniaxial tension tests on PV A-ECC dogbone specimens. 

1. Introduction 

Engineered Cementitious Composites (ECC) with Poly-Vinyl Alcohol (PV A) fi
bers are materials with the highest tensile ductility of 2-6% [I] in the class of High 
Performance Fiber Reinforced Cementitious Composites (HPFRCC). ECC are mi
cromechanically designed materials [2] and their composite performance is greatly 
affected by flaw size distribution, and fiber number, dispersion, and orientation 
distribution. For instance, the load carrying capacity of the composite can drop by 
up to 20% [3], when the fiber distribution is changed from ID uniform alignment 
to 3D random distribution. Similarly, the ductility of ECC can be improved by 
more than 100% [4] through incorporation of artificial flaws of appropriate size 
range. The fiber and flaw size distributions, therefore, greatly affect the composite 
properties of ECC, especially tensile strength and ductility. The design of ECC 
utilizes scale-linking models to predict the composite behavior based on the 
changes in material microstructure [5]. These models make theoretical assump-
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tions for fiber and flaw size distributions, as the observational data for these distri
butions is very limited. Recent studies in authors' laboratory have shown deviation 
of predicted tensile stress-strain curves from the test results (especially with dog
bone shaped specimens), which questions the validity of theoretical fiber and flaw 
size distribution assumptions. The research presented here, along with a series of 
similar subsequent studies, attempts to quantify these distributions through de
tailed observations and analysis. Fluorescence imaging of fibers [6] has emerged 
as a possible technology for quality control of HPFRCCs in terms homogeneity of 
fiber dispersion, and it has been used in this research to determine the fiber distri
bution. There are, however, certain limitations to this technique, which have also 
been discussed here. Observations of fiber distribution and flaw size distribution at 
numerous cross sections of dogbone specimens, along with their effects on com
posite tensile behavior ofPVA-ECC, are presented in following sections. 

2. Experimental investigation 

The material investigated in this research is an Engineered Cementitious Compo
site (ECC) using short randomly distributed Poly-Vinyl Alcohol (PV A) fibers in a 
cementitious matrix containing high volumes of Class F Fly Ash. The mix propor
tions of ECC used in this research are given in Table 1. A detailed description of 
materials can be found in Yang et al. (2009) [7]. 

Table 1. Mix proportions of PV A -ECC by weight of cement 

Type I 
Cement 

1 

Class F 
Fly Ash 

2.8 

F-110 
Silica Sand 

1.4 

Tap 
Water 
0.988 

HRWRA 

0.016 

PYA 
Fiber* 
0.080 

* Length (Lf) = 12 mm, diameter (df) = 40 ~m, Denstiy (Pr) = 1.3 g/cm3
, Strength (crf) = 1 GPa, 

Modulus (Ef) = 22 GPa, oil coating = 1.2% by weight of fiber, and fiber volume compared to 

mix volume (V f) = 2%. 

The specimens for tension testing are dogbone shaped specimens recommended 
by Japan Society of Civil Engineers (JSCE) [8] for standardized testing of 
HPFRCCs. The specimen geometry is shown in Fig. la. For this research, 3 such 
dogbones were prepared and tested. ECC mix in its fresh plastic state is poured at 
the middle of the specimen mold, which is constantly vibrated using a vibration 
table and as a result, the material slowly flows towards the ends. Each mold is vi
brated at moderate energy for about 3 minutes before stowing away for curing. 

In the setup for direct uniaxial tension tests, the dogbone specimens are 
gripped through wedge action on its slanting edges. Sufficient degrees of freedom 
are provided in the grips to ensure the application of almost pure uniaxial tension 
along the longitudinal axis. The tensile tests on dogbones were carried out at 0.005 
mmls (0.0002 inls) using a displacement controlled test system with maximum 
load capacity of 10 kN (2.2 kips). The strain is computed from the extension of the 
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specimen measured by two LVDTs mounted diagonally opposite to each other. 
The cross-sections for microscopic observation were prepared after performing 

uniaxial tensile tests on all the three dogbone specimens. Twenty cross-sections of 
the material within the gage length were cut perpendicular to the loading direction 
for each dogbone specimen for the maximum flaw size measurement at each sec
tion, with area 30 x 12.7 mm2 (1.18 x 0.5 inch2) and about 10 mm (004 in) thick 
(Fig. lb). For each dogbone specimen, three sections were selected: one section 
very close to the final failure plane (denoted by "F"), one section very close to a 
crack with average crack width in the mid-gage ("M") area, and one section from 
the gripping ends ("G"). The cross-sections of these 9 sections (3 sections per 
specimen) were further ground for observation under a fluorescence microscope 
for fiber distribution. PV A fibers are known to fluoresce and emit green light in 
the range of 440 to 460 nm when excited by ultra-violet incident light of 370 to 
390 nm wavelength. The field of view of the fluorescence microscope is about 2 x 
2 mm2 (0.08 x 0.08 in2) and each cross section is sampled by 9 images taken at the 
locations (small squares) shown in Fig. lb. 

Fig. l. (a) Dogbone specimen geometry for tensile testing ofHPFRCC (JSCE) (all dimensions in 
inches) (b) Image sample locations (small squares) for fiber orientation distribution analysis and 
sample Fluorescence microscope image 
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Fig. 2. (a) Measured tensile stress-strain curves of PV A-ECC of 3 specimens (b) Observed dis
tribution of maximum flaw sizes for 60 sections (20x3), Lognormal overall Best-Fit for all sec
tions, and Gaussian fit for flaws in 3-6 mm range. 
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3. Results 

The results of the direct uniaxial tension tests on three PVA-ECC dogbone speci
mens at 28 days after casting are shown in Fig. 2a. The three specimens show con
sistent stress-strain behavior with average peak tensile stress of 4.8 MPa and aver
age tensile strain capacity (up to peak stress) of 3.1 %. The average elastic secant 
modulus is 18 GPa and the average first crack strength of the matrix is 3.9 MPa. A 
total of 60 specimen cross-sections (20 sections per specimen) were observed un
der an optical microscope. Maximum flaw size was recorded for each section and 
the data is shown as a histogram in Fig. 2b along with an overall best-fit lognor
mal distribution with parameters 11 = 0.70 mm and a = 0.77 mm. 

A MATLAB digital image processing program developed by Lee et al. (2009) 
[9], utilizing advanced mathematical techniques such as watershed segmentation 
and morphological reconstruction, was used to extract useful information about fi
ber number, dispersion, and orientation from the images captured by fluorescence 
microscope (one such image is shown in Fig. 1 b). Table 2 below shows the num
ber of fibers observed at all the 9 sections and the fiber dispersion coefficient a E 

[0,1], which is a measure of homogeneity of fiber dispersion. a = 1 implies fully 
homogenous dispersion and a = 0 implies all fibers clumped together with no dis
persion. PV A Fibers with cylindrical shape are projected as ellipses on a cutting 
plane, with minor axis equal to the fiber diameter (d) and major axis (l) equal to 
dlcos(8), where 8 is the angle w.r.t. loading axis. Thus, by measuring the aspect 
ratio (major axis/minor axis or lid) of the ellipse, the fiber orientation can be de
termined by cos-l(d/l). The computed orientation distribution for the mid-gage sec
tion "M" (with average crack width) of each specimen is shown in Fig. 3a, along 
with the average distribution and best fit double-Gaussian distribution. The mean, 
standard deviation, and weight of the first Gaussian are 25°, l3 0

, and 0.6, and that 
for the second Gaussian are 54°, 16°, and 0.4, respectively. The average (over 3 
dogbones) distributions for M, F, and G sections are shown in Fig. 3b. 
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Fig. 3. (a) Observed, average, and best fit fiber orientation distributions at mid (M) sections of 
the 3 specimens (1,2,3) (b) Observed average fiber orientation distributions at Final failure (F), 
Grip (G), and Mid (M) sections 
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Table 2: Observed number of fibers per unit area and fiber dispersion coefficient for Final failure 
(F), Grip (G), and Mid-gage (M) sections of the 3 specimens and their average 

Spec Number ofPVA Fibers per cm2 Fiber Dispersion Coefficient 
No. 

1289 1330 l390 0.363 0.365 0.372 

2 l361 1216 l376 0.360 0.369 0.363 

3 1025 1197 1235 0.361 0.362 0.369 

Avg. 1225 1247 l334 0.361 0.365 0.368 
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Fig. 4. (a) (J-8 curves for various fiber distributions at Vf = 2% (OFD - Best-Fit to Observed Fi
ber Distribution, 2D and 3D distributions) (b) Composite stress-strain curve corresponding to 
various Fiber Distributions and Flaw Size Distributions 

4. Analytical investigation 

In this section, the tensile stress-strain behavior of ECC at composite scale is ex
plained based on material microstructure (fiber, matrix, and interfacial properties) 
and material processing (effective fiber number, fiber orientation distribution, and 
flaw size distribution) using micromechanics and scale-linking, which form the 
basis of the ECC design methodology. Single fiber pullout test results of previous 
studies [7] with the same fiber-matrix combinations have been used in this re
search to determine the interfacial properties. Analytical models of fiber debond
ing and pullout developed by Li and co-workers [1, 4] are used to express the 
pullout load (P) on a single fiber as a function of relative displacement (b), fiber 
embedment length (le), and fiber orientation (9). A statistical scale linking model 
(Eq.1), utilizing the best-fit fiber orientation distribution p(9) (Fig. 3a), is used to 
compute the average bridging stress vs. crack width (a-b) relation (Fig. 4a-OFD) 
for multiple fibers bridging across a single crack. In Eq. 1, p(le) is the probability 
distribution for embedment length: 2/Lf , where Lf is fiber length. 

= vf r~ r(Lt/2)cos8 P(a l e) (l) (e)dl de 
(J A Jo Jo I el PeP e 

f 
(1) 
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The conditions for steady state multiple cracking are checked using the above O"-b 
relation. Various cross sections are bridged by varying number of fibers (Table 2) 
due to inhomogeneity of fiber dispersion in the ECC mix. As a result, the final 
failure occurs at the crack with least number of effective fibers. One of the condi
tions of multiple cracking, therefore, requires the stresses at which cracks initiate 
to be smaller than the maximum bridging capacity (peak of O"-b curve) of the least 
bridged crack (O"O)min' From Table 2, the ratio of minimum number of fibers (Spec
imen 3F) to average number of fibers at mid (M) sections is 1025/1334 = 0.77. 
The peak bridging stress (OFD - Fig. 4a) for average number of fibers (Vf = 2%) 
is 7.7 MPa and, therefore, (O"o)min is taken as 0.77 times 7.7, i.e. 5.9 MPa, which is 
higher than the first cracking strength of the matrix equal to 3.9 MPa (Fig. 2a). 

The stress-strain behavior of ECC can be explained by the process of multiple 
cracking, where each crack obeys the O"-b relation which serves as a constitutive 
law for the crack. Cracks initiate from pre-existing flaws (often due to air voids) at 
stresses (0") determined by Irwin's fracture criterion, 0" = Km/(Q..fiUi), where a is 
the maximum flaw size at a cross section, Km is the matrix fracture toughness, and 
Q is a geometrical parameter assumed constant here and is calibrated by using first 
crack strength observation, which occurs at the cross-section with the largest flaw 
size (6.3 mm - average of observed maximum flaw sizes in 3 specimens). Using 
amax = 6.3 mm, Km = 0.5 MPa~m, and 0" (first crack) = 3.9 MPa, Q is computed 
equal to 0.9l. The smallest flaw size that can be triggered before the stress ex
ceeds (ao)min = 5.9 MPa (Km and Q same), amin = 2.7 mm. For saturated cracking, 
the crack spacing between cracks is computed equal to about 1.1 mm; therefore, a 
set of 70 randomly distributed flaws (for a gage length of 80 mm) following the 
best-fit Gaussian distribution is generated using MATLAB between amin and amax. 
Corresponding initiation stresses are calculated for every flaw size. The stress 
drops every time a new crack forms because the stiffness across the crack drops 
suddenly, from combined stiffness of matrix and fibers to only that of fibers, at the 
same displacement. The stress is gained back slowly as the crack opens, contrib
uting strain. The stress continues to rise until it reaches the initiation stress level 
for the next smaller flaw - the process is repeated until the stress is below (aO)min; 
and beyond that, the damage is localized and the least bridged crack opens show
ing the softening corresponding to its a-b curve. 

The effects of 3 different fiber distributions, viz. the observed (best-fit) double 
Gaussian distribution, 2D uniform distribution peS) = 21n, and 3D distribution peS) 
= sineS), on a-b relation are shown in Fig. 4a. These in turn affect the stress-strain 
relation as shown in Fig. 4b. The stress-strain relation due to 3D fiber distribution 
is not plotted because first crack stress is larger than (ao)min (assuming the same ra
tio of 0.77 between an average bridged crack and the least bridged crack), which 
violates the condition of multiple cracking. The 2 different flaw size distributions 
considered, viz. the observed lognormal distribution which best fits the overall da
ta (0 to 7 mm flaw sizes) and Gaussian distribution which only fits the data in 3 to 
6 mm flaw size range are shown in Fig. 2b, and their effects on stress-strain curves 
are shown in Fig. 4b. 
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5. Discussion and conclusions 

Fiber Orientation: The distribution observed using fluorescence microscopy (Fig. 
3a) is close to a double Gaussian distribution, instead of theoretically expected 2D 
uniform distribution, p(S) = 21n. Two possible reasons are (a) rotation and align
ment of fibers between 30° and 45° towards smaller angles during the casting pro
cess when the fresh plastic material flows along the longitudinal axis of the spec
imen (b) limited freedom of rotation of fibers in the third dimension (thickness), 
which increases the number of fibers at smaller angles. This causes the peak of the 
first Gaussian distribution to be higher than the second. The fiber detection proce
dure also has a few limitations which may contribute towards the observed Gauss
ian peaks. The function cos(S) changes by only about 6% between 0° and 20°, 
which is sometimes higher than the stigmatism error in microscope images caus
ing all fibers in 0° to 20° to be counted with angles greater than 20°. One possible 
way of correcting this error is to take the average number of fibers between 0° and 
25°. Very highly inclined fibers (between 80° and 90°) tend to bend due to their 
low transverse stiffness, which reduces the aspect ratio of their projection on the 
section plane and are, therefore, detected as less inclined fibers. Also, the water
shed algorithm incorrectly detects the highly inclined fibers as two separate fibers 
instead of one due to randomly varying intensity of image pixels. 

Fiber number, dispersion, and bridging efficiency: It can be seen in Table 2 
that the sections cut near the final failure (F - sections) have lesser number of fi
bers than M and G sections, which validates the theoretical assumption that the fi
nal failure occurs at a plane with lesser (more strictly least) number of fibers. Av
erage F, G, and M sections are compared in Fig. 3b, and average bridging 
efficiency is computed to be the maximum (0.76) in M-sections as compared to 
the minimum in F-sections (0.71) due to higher alignment of fibers in M-sections. 
There is moderate level of segregation of fibers (a ~ 0.36) but the non
homogeneity of dispersion is almost the same at all sections. 

Effect of fiber distribution on cr-8 relation and composite stress-strain behav
ior: Preferential orientation of fibers between 20° and 80° increases the bridging 
capacity of the fibers because (a) the bridging efficiency of effective fibers is im
proved, and (b) the number of highly inclined fibers prone to early breakage due 
to snubbing is reduced. The increase in bridging capacity enhances ductility by in
creasing the range of flaw sizes, which can act as potential sites for crack initia
tion, as higher peak bridging capacity (crO)min reduces the critical minimum flaw 
size amino This can be seen in the analytical results of Fig. 4b, where the ductility 
improves by about 50% when the observed fiber distribution (amin = 2.7 mm) is 
used instead of the theoretical2D distribution (amin = 4.3 mm). 

Best-fit flaw size distribution and its effect on stress-strain behavior: The 
Gaussian distribution with mean at 4.5 mm (standard deviation of 0.6 mm) is used 
to locally fit the distribution from 3 to 6 mm size range. This is the most important 
range for crack initiation because amin = 2.7 mm and amax = 6.3 mm for observed 
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best-fit fiber distribution. The change in distribution from lognormal (which fits 
the overall flaw size distribution from 0 to 7 mm) to Gaussian significantly affects 
the shape of the stress-strain curve, although it does not change the ductility sub
stantially (Fig. 4b) because area under the two distributions (which represents the 
number of flaws) between amin and a max is almost the same. The secondary harden
ing or increase in the slope of the stress-strain curve near the last 0.5% strain, of
ten observed in high volume fly ash PVA-ECC, can be explained by the falling 
arm of this Gaussian distribution causing fewer flaws to be triggered (area under 
the Gaussian distribution) for the same increase in stress, which reduces the in
crement in strain and shows as a slight hardening (Fig. 3a and Fig. 4b). 

Conclusions: This research shows the possibility of preferential alignment of 
PYA fibers in ECC when cast in dogbone specimens resulting in a double Gaussi
an distribution with higher peak near 25° and a lower peak at 54° angles w.r.t. 
loading axis, which affects the composite stress-strain behavior non
conservatively; although, the data for this conclusion is very limited and continued 
work with more samples is further required. Flaw size distribution affects the 
shape of the stress-strain curve of high volume fly ash (HVF A) ECC; although its 
effect on ductility is less significant. Lognormal distribution seems to best-fit 
overall flaw size range, whereas a Gaussian distribution with mean of 4.5 mm and 
standard deviation of 0.6 mm seems to best-fit 3-6 mm flaw size range. Average 
maximum flaw size in HVFA-PVA-ECC was found to be about 6.3 mm. 
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