










308 ACI Materials Journal/November-December 2007

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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