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This paper reports on the development of high-performance fiber-
reinforced cementitious composites (HPFRCC), taking into
account environmental sustainability considerations. Engineered
cementitious composites (ECC), a unique member of HPFRCC
featuring high tensile ductility with ultra-high volumes of fly ash
(HVFA) replacement (up to 85% by weight) of cement, are
proposed in this paper. While micromechanics is applied in many
aspects of the material design process, emphasis of this study is
placed on the effect of fly ash content on altering material micro-
structure and mechanical properties. Experimental results show
that HVFA ECCs, while incorporating high volumes of recycled fly
ash, can retain a long-term tensile ductility of approximately 2 to
3%. Significantly, both the crack width and free drying shrinkage
are reduced with an increase of the fly ash amount, which may
benefit the long-term durability of HVFA ECC structures. Micro-
mechanics analysis indicates that the increase of fiber/matrix
interface frictional bond in HVFA ECCs is responsible for the tight
crack width. In addition, HVFA ECCs show a robustness improvement
by achieving more saturated multiple cracking while reducing
environmental impact through the use of industrial waste stream
material instead of cement.

Keywords: engineered cementitious composites; high-volume fly ash;
sustainability.

INTRODUCTION 
Concrete is the most popular construction material, with

more than 11.4 billion tons of concrete consumed annually
worldwide.1 It has been reported that 2.2 billion tons of
cement was produced in the year 2005.2 The requirement of
cement increases with time and it was estimated that each ton
of cement produced generates an equal amount of carbon
dioxide.3 The production of cement is responsible for 5% of
global greenhouse gas emission created by human activities.4

Therefore, incorporating sustainability concerns into the
design of civil engineering materials is urgently needed.

High-performance fiber-reinforced cementitious composites
(HPFRCC) can significantly contribute to enhancing the
service life of civil infrastructure. Among them, engineered
cementitious composites (ECC) is a noticeable representative
with unique tensile properties. Unlike conventional tension
softening concrete and fiber-reinforced concrete (FRC),
ECC exhibits metal-like tensile strain-hardening behavior
after matrix first cracking. Figure 1 shows the typical tensile
stress-strain curve of ECC. The tensile ductility of ECC is
several hundred times that of normal concrete and the fracture
toughness of ECC is similar to that of aluminum alloy.5

Notably, ECC uses short, randomly distributed fibers with a
moderate volume fraction (2% or less in general). With this
relatively small amount of short fibers, self-consolidating
ECC6,7 has been designed for use with regular construction
equipment.8 The high performance, moderate fiber content
combination is attained by micromechanics-based

composite optimization.9,10 ECC is currently emerging in
full-scale structural applications, including a composite
ECC/steel deck of a cable-stayed bridge11 and precast R/ECC
coupling beams of several high-rise buildings11 in Japan. In
the U.S., a full-scale ECC bridge-deck link slab has been
constructed in Michigan.12 As broadening application of
ECC materials is emerging, it is imperative to incorporate
environmental concern into their development.

Compared with normal concrete, ECC uses more cement
due to the absence of coarse aggregate in the mixture design.
High cement content usually introduces higher hydration
heat, autogenous shrinkage, and cost. Moreover, the associated
increase in primary energy and emission of carbon dioxide
create a negative environmental impact. A plausible solution
would be to replace a large portion of cement in ECC by
industrial by-product, for example, coal combustion products,
without sacrificing its mechanical properties, in general, and
tensile ductility, in particular.

Fly ash is a by-product of coal burning power plants and is
usually considered a waste material. While more than 600 million
tons of fly ash is generated each year worldwide, 80% is
disposed of in landfills. With pozzolanic and cementitious
properties, it has been used as a substitute for cement in
concrete. Traditionally, the replacement of cement by fly ash
is limited to approximately 10 to 25% of the total cementitious
materials.13,14 With the progress in water-reducing chemical
additives, high volume fly ash (HVFA) structural concrete
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Fig. 1—Typical tensile stress-strain curve of ECC.
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with reasonable compressive strength and workability was
introduced.15 The term HVFA concrete is used to recognize
a concrete material that has more fly ash than cement.14 It has
been reported that concrete incorporating HVFA has significant
improvement in mechanical properties and durability.
Specifically, HVFA concrete has higher elastic modulus,
lower shrinkage and creep, excellent freezing-and-thawing
resistance, lower water permeability, and lower chloride-ion
penetration.16,17 The practical use of HVFA concrete in full-
scale structures was recently reported by Mehta.18

Previous research has developed green ECCs incorporating
different types of fly ash, that is, bottom ash, Class F fly ash,
and fine fly ash, with a fly ash-to-cement ratio (FA/C) up to
1.5.19 The cement content of green ECCs, however, is still twice
that of normal concrete. This study focuses on incorporating
a high dosage of Class F fly ash in ECC with an FA/C up to
5.6, in which the cement content is 40% less than normal
concrete, and its resulting reduction in environmental
impacts. The choice of Class F fly ash is due to its abundant
availability (practical consideration) and less energy-intensity
(that is, less post-processing) when compared with bottom
ash and fine fly ash, respectively.

ECCs with ultra-high volume, low calcium fly ash
replacement (up to 85% replacement by weight) are proposed.
This paper focuses on the experimental characterization of
mechanical properties and drying-shrinkage behavior of
high volume Class F fly ash ECCs (HVFA ECC) and the
effects of fly ash content in altering composite microstruc-
tures and environmental sustainability indicators. In the
following sections, a brief review of ECC material design
framework is introduced first. This design framework is

useful in HVFA ECC design and in understanding the
experimental data on HVFA ECC tensile property characteristics.
Experimental investigation is then described. HVFA ECC
properties in terms of compressive strength, tensile stress-strain
behavior, tensile ductility, crack width, robustness, and free
drying shrinkage are reported. The microstructures of HVFA
ECC are also investigated and related to composite macro
behavior through micromechanics theory of ECC. Finally,
material sustainability indicators (MSI) are reported.

RESEARCH SIGNIFICANCE
In the development of HPFRCC, material sustainability is

seldom a concern and high cement content is commonly seen
in the mixture design. In this study, a new set of ECC is
developed taking into account environmental sustainability
considerations. Specifically, a large amount of cement is
substituted by recycled Class F fly ash. The resulting HVFA
ECCs are expected to promote infrastructure sustainability
through simultaneous enhancements of material greenness and
infrastructure durability through tight crack width control.

ECC DESIGN THEORY
The strain-hardening behavior of ECC is a result of realizing

and tailoring the synergistic interaction between fiber, matrix,
and interface. Micromechanics has been used as a tool to link
material microstructures to ECC composite properties.
Desirable composite behavior can be tailored by control of
material microstructures once the linkages are established.

ECC is a fiber-reinforced brittle mortar matrix composite
and the pseudo strain-hardening behavior in ECC is achieved
by sequential development of matrix multiple cracking
(Fig. 1). The fundamental requirement for multiple cracking
is that steady-state cracking prevails under tension, which
requires the crack tip toughness Jtip to be less than the
complementary energy Jb′ calculated from the bridging
stress σ versus crack opening δ curve, as illustrated in Fig. 220,21

(1)

(2)

where σ0 is the maximum bridging stress corresponding to
the opening δ0, Km is the matrix fracture toughness, and Em
is the matrix Young’s modulus. Equation (1) employs the
concept of energy balance during flat crack extension
between external work, crack tip energy absorption through
matrix breakdown (matrix toughness), and crack flank
energy absorption through fiber/matrix interface debonding
and sliding. This energy-based criterion determines the crack
propagation mode (steady-state flat crack or Griffith crack). 

The stress-crack opening relationship σ(δ), which can be
viewed as the constitutive law of fiber bridging behavior, is
derived by using analytic tools of fracture mechanics, micro-
mechanics, and probabilistics. In particular, the energetics of
tunnel crack propagation along fiber/matrix is used to quantify
the debonding process and the bridging force of a fiber with
a given embedment length.22 Probabilistics is introduced to
describe the randomness of fiber location and orientation
with respect to a crack plane. The random orientation of fiber
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Fig. 2—Typical σ(δ) curve for tensile strain-hardening
composite. Hatched area represents complementary energy
Jb′. Shaded area represents crack tip toughness Jtip.
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also necessitates the accounting of the mechanics of interaction
between an inclined fiber and the matrix crack. As a result,
the σ(δ) curve is expressible as a function of micromechanics
parameters, including interface chemical bond Gd, interface
frictional bond τ0, and slip-hardening coefficient β accounting
for the slip-hardening behavior during fiber pullout. In addition,
snubbing coefficient f and strength reduction factor f ′ are
introduced to account for the interaction between fiber and
matrix as well as the reduction of fiber strength when pulled
at an inclined angle. Besides interfacial properties, the σ(δ)
curve is also governed by the matrix Young’s modulus Em, fiber
content Vf, fiber diameter df, length Lf, and Young’s modulus Ef.

Another condition for the pseudo strain-hardening is that
the matrix tensile cracking strength σc must not exceed the
maximum fiber bridging strength σ0

(3)

where σc is determined by the matrix fracture toughness Km
and preexisting internal flaw size a0. While the energy criterion
(Eq. (1)) governs the crack propagation mode, the strength-
based criterion represented by Eq. (3) controls the initiation
of cracks. Satisfaction of both Eq. (1) and (3) is necessary to
achieve ECC behavior; otherwise, normal tension-softening
FRC behavior results. Details of these micromechanical
analyses can be found in previous works.22,23

Due to the random nature of preexisting flaw size and fiber
distribution in ECC, a large margin between Jb′ and Jtip is
preferred. The pseudo strain-hardening (PSH) performance
index has been used to quantitatively evaluate the margin
and is defined as follows24

PSH = (4)

Material with a larger PSH index should have a better
chance of saturated multiple cracking. The saturation of
multiple cracking is achieved when microcracks are more or
less uniformly and closely spaced (at approximately 1 to 2 mm
[0.039 to 0.078 in.]), and cannot be further reduced under
additional tensile loading of a uniaxial tensile specimen.
Robustness of tensile ductility refers to the consistency of
tensile capacity from one specimen to another. To measure
the extent of saturation of multiple cracking, PSH intensity
has been used and is defined as crack spacing ratio24

(5)
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where xd is the theoretical crack spacing calculated from
mechanics25 and xd

test is the crack spacing measured exper-
imentally. Crack spacing herein is defined as the distance
between two adjacent cracks. The minimum value of PSH
intensity is 1, which indicates a fully saturated multiple
cracking state. According to Aveston et al.,26 the PSH
intensity should fall between 1 and 2 for saturated PSH behavior.

The micromechanics-based strain-hardening criteria, Eq. (1)
and (3), will be used as guidance for HVFA ECC design and
in understanding the experimental data on HVFA ECC
tensile property characteristics. The evaluation of PSH and
PSH intensity is helpful in quantifying the saturation of
multiple cracking and the robustness of tensile ductility for
the newly developed HVFA ECCs.

EXPERIMENTAL INVESTIGATION
Materials

Previous research19 incorporating fly ash into ECC design
(FA/C = 0 to 1.5) indicates that the use of fly ash reduces
matrix toughness and fiber/matrix interfacial chemical bond,
which makes the satisfaction of Eq. (1) easier to attain, and
is therefore beneficial for ECC strain-hardening behavior.
The use of higher fly ash content should make this effect
more profound, and therefore eight HVFA ECCs with
various fly ash contents (FA/C ranges from 1.2 to 5.6 by
weight) were examined in this research. The mixture design
of HVFA ECCs can be found in Table 1. Type I ordinary
portland cement (OPC) was used in all mixtures. The fly ash
used was an ASTM Class F fly ash from Texas and the physical
properties and chemical compositions of the fly ash are listed
in Table 2. A fine silica sand with a maximum grain size of
250 μm (0.01 in.) and a mean size of 110 μm (0.004 in.) was
adopted in ECC mixtures. The size distribution of this quartz
sand is listed in Table 3. In all mixtures, the water-cement
ratio (w/c) was controlled at 0.25 ± 0.01. Slight adjustment

Table 1—Mixture proportion of HVFA ECCs

Mixture FA/C
Cement,

kg/m3 (lb/yd3)
Fly ash,  

kg/m3 (lb/yd3)
Sand,  

kg/m3 (lb/yd3)
Water, 

kg/m3 (lb/yd3)
High-range water-reducing 
admixture,  kg/m3 (lb/yd3)

PVA fiber,  
kg/m3 (lb/yd3)

Total, 
kg/m3 (lb/yd3)

1 1.2 571 (962) 685 (1154) 456 (768) 332 (559) 6.80 (11.46) 26 (43.8) 2077 (3500)

2 1.6 477 (804) 763 (1286) 456 (768) 330 (556) 6.05 (10.19) 26 (43.8) 2060 (3471)

3 2.0 412 (694) 824 (1388) 456 (768) 326 (549) 5.52 (9.30) 26 (43.8) 2051 (3456)

4 2.4 362 (610) 870 (1466) 456 (768) 323 (544) 5.10 (8.59) 26 (43.8) 2042 (3441)

5 2.8 324 (546) 906 (1527) 456 (768) 320 (539) 5.29 (8.91) 26 (43.8) 2037 (3432)

6 3.2 292 (492) 935 (1575) 456 (768) 312 (526) 5.52 (9.30) 26 (43.8) 2027 (3415)

7 3.6 266 (448) 959 (1616) 456 (768) 309 (521) 5.80 (9.77) 26 (43.8) 2022 (3407)

8 5.6 190 (320) 1063 (1791) 456 (768) 300 (506) 6.45 (10.87) 26 (43.8) 2032 (3424)

Table 2—Physical properties and chemical 
compositions of fly ash

SiO2, % 55.71 Moisture content, % 0.16

Al2O3, % 22.56 Loss on ignition, % 0.41

Fe2O3, % 5.61 Amount retained on No. 325 sieve, % 23.63

Sum, % 83.88 Specific gravity 2.29

CaO, % 10.44 Autoclave soundness, % 0.02

MgO, % 1.78 Strength activity index with portland 
cement at 7 days, % of control 77.1

SO3, % 0.54

Na2O, % 0.24 Strength activity index with portland 
cement at 28 days, % of control 85.5

K2O, % 0.79

Total alkalies, % 0.76
Water required, % of control 94.6

Available alkalies, % 0.26
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in the amount of high-range water-reducing admixture and
w/c in each mixture was performed to achieve consistent
rheological properties for better fiber distribution and work-
ability. All HVFA ECCs, therefore, have similar fresh properties
with self-consolidating performance. While various fiber types
have been used in the past, a polyvinyl alcohol (PVA) fiber
was used at a moderate volume fraction of 2% in this study.
The dimensions of the PVA fiber are 8 mm (0.315 in.) in length
and 39 μm (0.0015 in.) in diameter on average. The nominal
tensile strength of the fiber is 1600 MPa (11 psi) and the
density of the fiber is 1300 kg/m3 (2192 lb/yd3). The fiber is
surface-coated by oil (1.2% by weight) to reduce the fiber/matrix
interfacial bond strength. This decision was made through
ECC micromechanics material design theory and has been
experimentally demonstrated from previous investigations.27,28

Mixing and curing
A mixer with 13 L (0.46 ft3) capacity was used in

preparing all ECC mixtures. Solid ingredients, including
cement, fly ash, and sand, were first mixed for a couple of
minutes. Water and high-range water-reducing admixture
were then added into the dry mixture and mixed for another
3 minutes. The liquefied fresh mortar matrix should reach a
consistent and uniform state before adding fibers. After
examining the mortar matrix and making sure there is no
clump in the bottom of the mixer, PVA fibers were slowly
added into the mortar matrix and mixed until all fibers are
evenly distributed. The mixture was then cast into molds.
Specimens were demolded after 24 hours. After demolding,
specimens were first cured in sealed bags at room temperature
(20 °C [68 °F]) for 7 days and then cured in air at room
temperature before testing. The RH of the laboratory air was
45% ± 5%.

Specimens
A compressive test was carried out for each mixture at the

age of 3, 28, and 90 days. Cylinders measuring 75 mm (3 in.)
in diameter and 150 mm (6 in.) in length were used in this
study. The ends of cylinders were capped with a sulfur

compound to ensure a flat and parallel surface and a better
contact with the loading device.

Coupon specimens measuring 152 x 76 x 13 mm (6 x 3 x
0.5 in.) were used to conduct uniaxial tensile test for each
mixture at the age of 3, 28, and 90 days. Uniaxial tensile tests
give material tensile stress-strain behavior. In addition, crack
width, another important tensile characterization of ECC
material in relation to durability.29,30 was also examined. A
servohydraulic testing system was used in displacement
control mode to conduct the tensile test. The loading rate
used was 0.0025 mm/second (0.0001 in./second) to simulate
a quasi-static loading condition. Aluminum plates were glued
on both sides at the ends of the coupon specimens to facilitate
gripping. Two external linear variable displacement transducers
were attached to the specimen with a gauge length of approx-
imately 50 mm (2 in.) to measure the specimen deformation.

The matrix fracture toughness Km at the age of 28 days
was measured by the three-point bending test according to
ASTM E 399. Beam specimens measuring 305 mm (12 in.)
in length, 76 mm (3 in.) in height, and 38 mm (1.5 in.) in
thickness were cast from selected mixtures (Mixtures 1, 2, 3,
5, and 7) without adding fibers. The span of support is 254 mm
(10 in.) and the notch depth to height ratio is 0.5.

A single-fiber pullout test was performed for Mixtures 1,
2, 3, 5, and 7 at the age of 28 days to quantify fiber/matrix
interfacial properties as a function of fly ash content. Three
important interfacial parameters, including chemical bond
strength Gd, frictional bond strength τ0, and slip hardening
coefficient β, were determined through this test. Specimen
preparation, test configuration, data processing, and calculation
of interfacial parameters can be found in Reference 31. The
interfacial parameters along with other micromechanics
parameters were then used to calculate the fiber bridging law
σ(δ).22 The resulting complementary energy Jb ′ calculated
from the σ(δ) curve combined with the matrix fracture
toughness Jtip obtained from the Km measurement were used
as inputs to evaluate material behavior, that is, strain-hardening
or tension softening, and to calculate the PSH index.

Free drying shrinkage measurements were made for all eight
HVFA ECCs as a function of drying time. Tests were conducted
according to ASTM C 157/C 157M and ASTM C 596 standards,
except that the storing of the specimens before the test was
modified. The specimens were cured in sealed bags for 7 days
before they were moved to laboratory air and the measurement
was started. Free drying shrinkage deformation was monitored
until hygral equilibrium was reached.

EXPERIMENTAL RESULTS AND DISCUSSION
The compressive strength of eight HVFA ECCs with

different fly ash contents at the ages of 3, 28, and 90 days is
summarized in Fig. 3 and Table 4. Each data point is an
average of at least three compressive tests. As can be seen
from the curve, the replacement of cement by Class F fly ash
generally reduces the compressive strength of ECC at all
ages. Even at 75% replacement of cement (FA/C = 2.8),
however, the compressive strength of ECC at 28 days can
still reach 35 MPa (5075 psi), which exceeds the nominal
compressive strength for normal concrete (30 MPa [4350 psi]).
No significant strength gain is found in HVFA ECCs between
28 to 90 days. Fly ash is usually considered a beneficial
ingredient for long-term strength development in concrete
due to its pozzolanic properties. In HVFA ECC, however,
secondary hydration of fly ash may only reach a very limited
reaction degree because the fly ash content is relatively high

Table 3—Size distribution of silica sand
< 150 µm 

(0.0059 in.), %
< 100 µm 

(0.0039 in.), %
< 75 µm 

(0.0030 in.), %
< 53 µm 

(0.0021 in.), %

93 77 33 8

Fig. 3—Compressive strength of HVFA ECC as function of
fly ash content at different ages.
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in proportion to cement and fly ash may remain in the system
as fillers even after a long time of curing. The second reason
is that the very low water-cementitious material ratio (w/cm)
provides limited water to promote the reaction of secondary
hydration between fly ash and cement products. The third
possible reason is that specimens were cured in air after 7 days
sealed curing. Related research indicated that hydration of
cement will stop completely when the internal humidity in
hardened cement paste falls below 80%.32 Therefore, loss of
internal humidity in low w/cm HVFA ECCs may arrest
further hydration.

Figure 4 shows the representative 28-day tensile stress-
strain curves of HVFA ECCs. Tensile ductility at different
ages is summarized in Table 5 and is plotted against FA/C
illustrated in Fig. 5. Each data point in Fig. 5 is an average of
four or more uniaxial tensile tests. From the uniaxial tensile
test, all HVFA ECCs exhibit tensile strain hardening
behavior at different ages and the tensile strain capacity
reaches 2 to 3% at the age of 90 days. This indicates that the
most unique property of ECC, tensile ductility, is retained
and is not sacrificed by replacing cement with a large amount
of Class F fly ash.

The crack width of ECC at the material hardening stage
does not depend on structural geometry and has been recog-
nized as an important material property.33 The imposed
deformation is accommodated by ECC multiple cracks with
constant crack width during the strain-hardening stage, as
shown in Fig. 1. The magnitude of the crack width controls
many transport properties in cracked concrete materials and
has a direct impact on durability.29,30 Table 6 and Fig. 6 give
the effect of fly ash content on the residual crack width at
different ages. The term residual crack width indicates that
the crack width is measured from the unloaded specimen
after the uniaxial tensile test. It was observed in this study
that the width of a loaded crack is approximately two times
the width of the unloaded one. Each data point in Fig. 6 is an
average of four or more coupon specimens and 20+ crack
widths are measured from each specimen. It was found that
the crack width reduces as fly ash content increases at all
ages. The drop is significant, especially in early ages (3 days,
Fig. 7). At the age of 28 days, the residual crack width of

some HVFA ECCs can be lower than 10 μm (0.0004 in.).
This observation suggests that HVFA ECC will most likely
have lower permeability and better durability even in the
presence of microcracks when compared with cracked concrete

Table 4—Compressive strength, MPa (ksi) of HVFA ECCs at different ages
FA/C age, days 1.2 1.6 2.0 2.4 2.8 3.2 3.6 5.6

3 30.6 ± 2.1
(4.4 ± 0.3)

26.3 ± 1.0
(3.8 ± 0.2)

16.9 ± 0.4
(2.4 ± 0.1)

17.1 ± 0.4
(2.5 ± 0.1)

14.6 ± 3.2
(2.1 ± 0.5)

17.0 ± 0.5
(2.5 ± 0.1)

15.0 ± 0.2
(2.2 ± 0.0)

8.2 ± 0.2
(1.2 ± 0.0)

28 52.6 ± 0.2
(7.6 ± 0.0)

47.5 ± 0.4
(6.9 ± 0.1)

34.2 ± 2.8
(5.0 ± 0.2)

38.4 ± 1.6
(5.6 ± 0.2)

35.2 ± 1.3
(5.1 ± 0.2)

26.7 ± 4.4
(3.9 ± 0.6)

23.9 ± 1.0
(3.5 ± 0.1)

21.4 ± 1.0
(3.1 ± 0.1)

90 54.0 ± 1.4
(7.8 ± 0.2)

49.0 ± 4.8
(7.1 ± 0.7)

35.5 ± 2.9
(5.2 ± 0.1)

43.4 ± 0.6
(6.3 ± 0.1)

38.9 ± 1.1
(5.6 ± 0.2)

28.2 ± 1.2
(4.1 ± 0.2)

25.9 ± 0.1
(3.8 ± 0.0)

22.2 ± 1.4
(3.2 ± 0.2)

Table 5—Tensile strain capacity (percent) of HVFA ECCs at different ages
FA/C age, days 1.2 1.6 2.0 2.4 2.8 3.2 3.6 5.6

3 4.6 ± 1.3 4.2 ± 0.8 4.1 ± 0.2 4.3 ± 1.0 4.4 ± 0.3 4.3 ± 1.1 4.0 ± 0.3 3.8 ± 0.4

28 2.7 ± 1.1 3.7 ± 0.6 3.0 ± 1.1 2.9 ± 0.8 3.0 ± 0.7 2.7 ± 0.7 2.5 ± 0.3 3.3 ± 0.2

90 1.8 ± 0.9 3.0 ± 1.4 3.1 ± 1.5 2.3 ± 0.7 3.3 ± 1.4 2.9 ± 0.9 2.6 ± 1.2 3.4 ± 0.6

Table 6—Residual crack width (µm) after tensile test of HVFA ECCs at different ages
FA/C age, days 1.2 1.6 2.0 2.4 2.8 3.2 3.6 5.6

3 84 ± 32 60 ± 7 33 ± 6 28 ± 6 16 ± 4 13 ± 5 12 ± 2.5 13 ± 2

28 31 ± 6 36 ± 12 15 ± 3 22 ± 6 15 ± 8 8 ± 2 8 ± 1 15 ± 2

90 17 ± 5 26 ± 10 16 ± 6 16 ± 8 11 ± 3 8 ± 2 7 ± 1 9 ± 1

Fig. 4—Tensile stress-strain curve of HVFA ECCs at age of
28 days.

Fig. 5—Tensile ductility of HVFA ECC as function of fly ash
content at different ages.
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in which the crack width is not self-controlled and is usually
in the range of several hundred micron meters to several
millimeters. In addition, the crack width was identified as a
key factor in the self-healing of ECC.34 Tight crack widths
in HVFA ECC are likely to promote self-healing behavior.

A single fiber pullout test was carried out to reveal the
effect of fly ash content on fiber/matrix interfacial properties
and on crack width control of HVFA ECCs. Single fiber pullout
specimens were cast from selected mixtures (Mixtures 1, 2,
3, 5, and 7) and tested after curing for 28 days. Results are
presented in Fig. 8. As can be seen, the chemical bond Gd
drops with an increase of fly ash content. Lower Gd indicates
easier interface debonding without fiber breaking. This is a
result of lower hydration degree in fiber/matrix interface as
more cement is replaced by fly ash. The chemical bond of
PVA fiber to cementitious matrix is believed to be governed
by the formation of a metal hydroxide layer in the interfacial
transition zone (ITZ), in particular calcium hydroxide.35 In
fact, build-up of Ca(OH)2 crystals at the PVA fiber surface
was observed.35,36 In the composition of fly ash, most Ca2+

ions are not free. Hence, the high volume fraction of low
calcium Class F fly ash serves as an inner filler, dilutes the
concentration of Ca2+ in the matrix, and reduces the possibility
of developing a strong chemical bond.

Interestingly, the frictional bond τ0 shows a reverse trend.
High τ0 indicates a strong holding force in the interface and
resistance to fiber sliding. As a result, crack width reduction
is attained at higher fly ash content. A possible mechanism
that contributes to higher τ0 may be that unhydrated fly ash
with smooth spherical shape (Fig. 9(a)) and small particle
size (76.37% < 45 μm [0.0018 in.]) increases the compactness
of ITZ,37 and therefore increases interface frictional bond.
Figure 9(b) illustrates the densely packed fiber/matrix interface
in HVFA ECC. This picture was taken from a HVFA ECC
with 85% replacement of cement (FA/C = 5.6) by a scanning
electron microscope (SEM) at an age of 90 days. The dark
groove shows the impression left by a fiber (removed before
taking this image) on the fiber/matrix interface (marked by the
dash line). The circled area shows the morphology right
beneath the fiber/matrix interface. To a certain degree, it
reflects the structure of ITZ. It is clear that many unhydrated fly

Fig. 6—Residual crack width of HVFA ECC as function of
fly ash content at different ages.

Fig. 7—Microscopic photos of residual crack width of
HVFA ECCs at age of 3 days where FA/C are: (a) 1.2; (b)
1.6; (c) 2.0; (d) 2.8; and (e) 3.6, respectively.

Fig. 8—(a) Chemical bond strength; (b) frictional bond
strength; and (c) slip-hardening coefficient of HVFA ECC
as function of fly ash content at age of 28 days.

Fig. 9—SEM photos of: (a) Class F fly ash; and (b) ITZ of
HVFA ECC with 85% replacement of cement at age of 90 days.
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ash particles serving as inner fillers are distributed in the
matrix and densely pack the interface zone. The slip-hardening
coefficient was found to be independent of fly ash content as
shown in Fig. 8(c).

Figure 10 gives the result of the PSH index of HVFA
ECCs as a function of fly ash contents at the age of 28 days.
To calculate the PSH index, the complementary energy Jb′
was read out from the σ(δ) curve, which was calculated from
the measured interfacial properties through micromechanics
models22 and the matrix toughness Jtip is determined by Eq. (2)
using experimentally measured matrix fracture toughness
Km and the matrix Young’s modulus. As can be seen, HVFA
ECCs have PSH indexes larger than one, which means the
satisfaction of Eq. (1), consistent with the observation that
all HVFA ECCs exhibited tensile strain-hardening behavior.
Moreover, ECC with higher fly ash content has higher value
of PSH index, which indicates a larger margin between J ′b
and Jtip and implies a better chance of saturated multiple
cracking, that is, a more robust multiple cracking behavior in
HVFA ECCs. 

This implication was further confirmed by plotting the
inverse of PSH intensity index, (PSH intensity)–1, against
FA/C as depicted in Fig. 10. The PSH intensity index was
evaluated based on the observed crack spacing xd

test

measured from the uniaxial tensile tests and the theoretical
crack spacing xd calculated from the mechanics of matrix
stress build-up through interfacial shear stress transfer.
Detailed calculation of xd can be found in Reference 25. The
maximum value of (PSH intensity)–1 is 1, which indicates a
fully saturated multiple cracking. A larger (PSH intensity)–1

value represents more saturate and robust multiple cracking
behavior (that is, robust tensile strain capacity). Indeed, the
PSH index is positively correlated with (PSH intensity)–1, as
shown in Fig. 10, and therefore the PSH index can be used as
an indicator in the future to identify the saturation of multiple
cracking and the robustness of ECC tensile ductility. Robustness
improvement of HVFA ECC in terms of tensile strain
capacity is evident due to easy saturation of multiple
cracking and is almost linearly proportional to the fly ash
content, as illustrated in Fig. 10.

Figure 11 shows the free drying shrinkage deformation
measurement of HVFA ECCs. Because of the absence of
coarse aggregate, drying shrinkage deformation of ECC
(FA/C = 1.2, the far left point in Fig. 11) is higher than
normal structural concrete.38 The general trend in Fig. 11
shows that fly ash can effectively reduce free drying
shrinkage deformation in ECC material. Similar results have
been reported for HVFA concrete.39 In the present study, a
50% reduction of free drying shrinkage of ECC was found
when the FA/C was increased from 1.2 to 5.6. A possible
mechanism contributing to the reduction of free drying
shrinkage in HVFA ECCs is matrix densification, which may
prevent internal moisture evaporation. Matrix densification
in fly ash concrete has been extensively documented in the
literature.40 This is typically attributed to the shape, pozzolanic
property, and micro-filler effect of fly ash. An alternative
mechanism is that unhydrated fly ash particles serve as fine
aggregates (Fig. 9(b)) to restrain the shrinkage deformation.14,41

To quantify the greenness of HVFA ECCs, MSI are adopted
in this study.42 MSIs are calculated based on material and
energy flow in the production process, and expressed in
terms of energy consumption, waste, and pollutant releases
including solid waste, carbon dioxide, nitrogen oxides, sulfur
oxides, particulate matter, water usage, hydrocarbon demand,

and others. Four assumptions are made in calculating the
contribution of fly ash to MSI. First, fly ash is a waste material
that would be disposed of. Second, fly ash does not carry any
environmental burdens associated with coal combustion.
Third, reusing fly ash is given a credit for saving landfill
space. Fourth, there is no processing on fly ash after leaving
the power plant. Table 7 summarizes three major MSIs of
representative HVFA ECCs. MSIs of conventional concrete
are also computed for the comparison purpose. In calculating
solid waste, fly ash is assigned a negative value because the
recycling removes fly ash from global waste flow. In
general, MSIs decrease with an increase of FA/C, which
indicates a greener material at higher fly ash content. Due to

Fig. 10—PSH and PSH intensity indexes of HVFA ECCs at
age of 28 days.

Fig. 11—Free drying shrinkage of HVFA ECC as function of
fly ash content.

Table 7—Material sustainable indicators of 
conventional concrete and HVFA ECCs

Total energy, 
MJ/L (MJ/gal.)

Solid waste, 
kg/L (lb/gal.)

Carbon dioxide, 
g/L (lb/gal.)

Conventional 
concrete 2.46 (9.32) 0.2 (1.669) 373.28 (3.12)

HVFA ECC 
(FA/C = 1.2) 5.99 (22.69) –0.46 (–3.84) 628.16 (5.24)

HVFA ECC 
(FA/C = 3.6) 4.35 (16.48) –0.84 (–7.01) 350.79 (2.93)

HVFA ECC 
(FA/C = 5.6) 3.91 (14.81) –0.95 (–7.93) 276.95 (2.31)
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the presence of fiber, HVFA ECCs consume more energy
than concrete. In the production of solid waste and carbon
dioxide, however, the material sustainability performance of
HVFA ECCs has surpassed conventional concrete. Although
MSIs provide a simple platform for comparing greenness of
different materials, true assessment of sustainability should
be performed based on life-cycle analysis of a specific type
of infrastructure.43

CONCLUSIONS
A set of HVFA ECCs with different amounts of fly ash

replacement was developed. This study demonstrates the
feasibility of creating greener ECC, which maintains the tensile
ductility characteristics but also incorporates sustainability
considerations. In particular, the following conclusions can
be drawn:

1. An increase of fly ash content generally reduces the
compressive strength of ECC. At FA/C equals 2.8, however,
the compressive strength at 28 days can still reach 35 MPa,
which is the regular strength grade for concrete in many
applications. HVFA ECCs with different compressive
strength may be selected for use in different applications; 

2. All HVFA ECCs show tensile strain-hardening behavior,
with PSH indexes larger than one. At the age of 90 days, the
tensile ductility of HVFA ECCs can still reach the long-term
stabilized value of 2 to 3%;

3. High fly ash content tends to reduce the crack width in
ECC. It is found that high interface frictional bond τ0
restrains the slippage of fiber and is responsible for the tight
crack width. Microstructure analysis reveals that high τ0 is a
result of densely packed interface transition zone by unhydrated
fly ash particles. Tight crack widths have been shown to
promote self-healing in ECC and greatly benefit the durability
of ECC infrastructure;

4. Increasing the amount of fly ash in HVFA ECCs tends
to improve robustness (reduced variability) of tensile
ductility based on the current analysis. Furthermore, the PSH
index may be used as a robustness indicator in terms of ECC
tensile ductility;

5. Incorporating high volumes of fly ash in ECC generally
reduces the free drying shrinkage. It may be a result of
matrix densification and/or unhydrated fly ash constraint
effect. In this study, 50% reduction of free drying shrinkage
is found when FA/C increases from 1.2 to 5.6;

6. In MSI analysis, HVFA ECCs remain more energy
intensive than conventional concrete. The production of
HVFA ECCs, however, results in negative solid waste and in
some cases lower carbon dioxide emission compare with
that of conventional concrete; and

7. Incorporating waste stream material ingredients does
not necessarily mean lower composite material performance,
as long as the governing mechanisms for possible deterioration
are controlled. In the present study, using recycled Class F
fly ash actually improves many properties of ECC, especially
reduced drying shrinkage, tighter crack width, and more
robust tensile strain ductility. Therefore, understanding the
underlying micromechanics of critical composite properties
is the key to successfully take sustainability into consideration
in the design of civil engineering materials.
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