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� ECC with tensile strain capacity of 3–6% can be developed based on local ingredients.
� The Ca-content and particle size play an important role in ECC development.
� The inclusion of crumb rubber can be effective in enhancing tensile ductility in ECC.
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a b s t r a c t

Engineered Cementitious Composites (ECC) is a kind of High Performance Fiber Reinforced Cementitious
Composites (HPFRCC) with a low fiber volume content of 2%. The unique properties of tensile strain hard-
ening behavior and tight multiple cracks ensure that ECC can meet the stringent requirements of resi-
liency and durability of concrete infrastructures. While there are strong initiatives for the adoption of
ECC in China, wider applications will require localization of material ingredients. In this paper, ECCs with
local ingredients, including domestic PVA fibers, fly ash and crumb rubber, were developed under the
guidance of micromechanics model for ECC. The fiber/matrix interface parameters and matrix parameters
from single fiber pullout test and fracture toughness test respectively, were obtained for the tailoring of
domestic ECC. The experimental results indicated that cost-effective ductile ECCs can be designed
successfully using local material ingredients. These composites show an ultimate tensile strength
of 4–5 MPa and tensile strain capacity of 3–6%.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Engineered Cementitious Composites (ECC), a special type of
High Performance Fiber Reinforced Cementitious Composites
(HPFRCC), has been researched widely since it was developed by
Li and coworkers [1] in the 1990s. ECC is designed through
tailoring of the fiber, matrix, and interface properties, based on
the theory of micromechanics and fracture mechanics [2,3]. ECC
possesses an extreme tensile ductility, in the range of 3–5%
(300–500 times that of concrete or FRC) [4,5]. A typical uniaxial
tensile stress–strain curve is shown in Fig. 1. After first cracking
the tensile load capacity continues to rise, resulting in a macro-
scopic strain-hardening phenomenon accompanied by multiple
micro-cracking. The crack width development is also shown in this
figure, which reveals that crack widths increase steadily up to
about 60 lm, at about 1% strain. Between 1% and 5% strain, the
crack width stabilizes and tends to remain constant at 60 lmwhile
the number of cracks increases [6]. Unlike most concrete and fiber
reinforced concrete materials, crack width in ECC is an intrinsic
material property, independent of structural size, steel reinforce-
ment, or the load applied to a structure built with ECC. These
special properties ensure that ECC can meet the stringent require-
ment of resiliency and durability in infrastructures. ECC has been
successfully applied in bridge deck link slab [7], bridge deck over-
lays, dam repair and coupling beams in high rise buildings [8,9].

Typical ECC material consists of controlled quantities and types
of cement, sand, fly ash, water, additives, and short, randomly
oriented polymeric fibers (e.g. Polyethylene, Polyvinyl Alcohol).
Fiber volume fractions are minimized (Vf = 1.5–2%) for ease of
construction execution and economic feasibility in infrastructure
applications [10,11]. For broader adoption of ECC in large-scale
applications, the use of local materials is preferred, both for eco-
nomic reasons as well as to enhance infrastructure sustainability.
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Fig. 1. Typical uniaxial tensile stress–strain–crack width curve of ECC [17] showing
high tensile ductility and tight crack width.
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Fig. 2. Typical curve of fiber bridging stress r – crack opening width d.
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Domestic ECCs using local raw materials and Kuraray’s PVA fiber
have been developed by a number of researchers with success,
including Mechtcherine and Schulze [12] in Germany and da Silva
Magalhães et al. [13] in Brazil. In China, ECCs with domestic PVA
fibers and other local raw materials were researched by Zhang
and Qian [14], Qian and Zhang [15] and Pan et al. [16]. Zhang
and Qian analyzed the feasibility of Engineered Cementitious Com-
posites with local ingredients through four-point bending test;
using domestic PVA fiber at 1.6% by volume content. Pan et al.
developed ECC with a combination of domestic and imported (Kur-
aray Co. Ltd.) PVA fibers.

This study focuses on developing ECC with all domestic raw
materials including cement, silica sand, fly ash, crumb rubber
and PVA fiber. According to ECC design theory, the strain hardening
behavior of ECC is largely governed by matrix fracture toughness,
fiber bridging capacity and initial flaw size distribution. In this
study, to tailor domestic ECC, matrix fracture toughness and
fiber/matrix interfacial bond were adjusted with the addition of
fly ash and crumb rubber while fiber bridging capacity was
adjusted with different fiber content. The relevant parameters
were obtained through single fiber pullout test and matrix fracture
toughness test. In addition, the mechanical properties were
assessed through compressive and uniaxial tensile test.

2. Micromechanics-based analytical models

The fundamental requirement of ECC with tensile strain hard-
ening lies in the steady state propagation of micro-cracks emanat-
ing from material matrix defects under tensile load. The design
theory of ECC was proposed by Li and coworkers [1,3,18] based
on the early works of Marshall and Cox [19] on flat crack analyses
of ceramics matrix composites reinforced with continuous aligned
fibers. Li’s micromechanical model was further improved by Lin
et al. [20], Yang et al. [21] and Kanda and Li [22]. According to this
design theory, two criteria, strength criterion and energy criterion,
must be satisfied for flat crack propagation to prevail over the more
common Griffith crack propagation mode. First, strength criterion
must be met in order to ensure an adequate fiber bridging capacity
upon micro-crack initiation from a defect site. Specifically, it
requires that the first cracking strength rfc controlled by matrix
fracture toughness and initial flaw sizes to be less than fiber bridg-
ing capacity r0 on any given potential crack plane. That is

rfc � r0 ð1Þ
Furthermore, the steady-state crack propagation criterion

requires the energy balance as shown in (2) [23].
rssdss �
Z dss

0
rðdÞdd ¼ Jtip ð2Þ

where rss is the steady state cracking stress; dss is the flat crack
opening corresponding to rss (Fig. 2); Jtip is the crack tip toughness,
which can be approximated as the cementitious matrix toughness if
fiber volume fraction is less than 5%, calculated as in (3); r0 is the
maximum bridging stress which corresponds to the crack opening
d0.

Jtip ¼ K2
m

Em
ð3Þ

where Km is the matrix fracture toughness and Em is the matrix
Young’s modulus. Since the left hand side of (2) has the upper limit
of

r0d0 �
Z d0

0
rðdÞdd � J0b ð4Þ

it follows that a necessary condition for steady state cracking is

Jtip � J0b ð5Þ
The strength criterion governs the range of flaw sizes that can

be initiated to form part of the multiple micro-crack population
during strain-hardening while the energy criterion governs the
steady-state flat crack propagation. Tensile strain-hardening
behavior could be achieved if both criteria are satisfied. Otherwise,
the tension-softening behavior of common fiber reinforced con-
crete prevails. In addition, considering variability of fiber and flaw
size distribution, Kanda and Li [24] recommended that J0b=Jtip > 3
and r0=rfc > 1:45 to ensure robust strain-hardening behavior.
3. Experimental programs

3.1. Raw materials and mixture proportions

The raw materials used in this study were all produced by local
manufacturers. The ordinary Portland cement (PII 42.5R cement
[25]) and fly ash (Type I [26]) meet Chinese standards. Five kinds
of fly ash from different coal-fired power plants were screened
for use in the investigation. The chemical compositions of the
cement and fly ash are listed in Table 1. The fine silica sand of
106–212 lm has a mean size of 150 lm. The crumb rubber has a
size of 180 lm and a density of 1.19 g/cm3. The grain size distribu-
tion of aggregates and cementitious materials are presented in
Fig. 3. Two domestic PVA fibers (produced by Wanwei High-tech
Co. Ltd (WW) and Bao Hualin Co. Ltd (BHL) in China) were used
in this research program. As control, a PVA fiber often adopted in
ECC studies (REC-15 fiber with a surface oil coating of 1.2% by
weight, produced by Kuraray Co. Ltd in Japan) was included in this



Table 1
Chemical composition of cement and fly ash (weight %).

Material SiO2 Al2O3 Fe2O3 Sum CaO SO3 P2O5 Na2O K2O TiO2 MgO

Cement 21.26 7.67 2.88 57.82 4.04 5.26 0 0.78 0.21 –
Fly ash 1 54.31 35.99 2.61 92.91 1.65 1.48 0.96 0.90 0.40 0.19 1.47
Fly ash 2 48.15 30.28 5.14 83.57 7.73 1.45 1.6 0.93 1.65 1.70 1.32
Fly ash 3 56.18 31.46 3.85 91.49 2.82 0.69 0.91 1.32 1.04 0.34 1.33
Fly ash 4 52.25 27.42 4.84 84.51 7.22 1.83 0.89 0.4 1.32 1.10 2.57
Fly ash 5 54.21 22.64 7.17 83.84 8.55 1.14 0.5 1.75 1.42 1.52 1.00

Fig. 3. Grain size distribution of domestic ECC component materials: (a) cement, silica sand and crumb rubber; (b) five different fly ashes.
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study. The physical and mechanical properties of all three PVA
fibers are listed in Table 2.

According to the ECC design theory summarized in Section 2,
the macroscopic tensile strain hardening behavior of ECC is
strongly influenced by the characteristics of fiber, matrix and
fiber/matrix interface. In this study, matrix and interface properties
were tailored through adjusting fly ash and crumb rubber content.
In total, the test matrix includes fourteen ECC mixtures as listed in
Table 3. D0 was prepared with REC-15 fiber as a reference mix. D1
has the same mix composition as D0, but with REC-15 fiber directly
substituted with domestic PVA fibers. The mixtures D1 to D5 form
the first test series and were prepared with different fly ash to
cement ratios (FA/C) (1.2, 1.5, 2.2, 3.0 and 4.0) to adjust matrix
fracture toughness and fiber/matrix interfacial bond. D6 to D8 form
the second test series and were prepared by partially replacing sil-
ica sand with crumb rubber, whereby volume replacement per-
centage was 15%, 25% and 35%, respectively. The ECC mixtures
with WW fiber and BHL fiber were designated as D#W and D#B,
respectively. The fiber contents in D0 to D8 were all 2% by mixture
volume. In addition, D9 to D13 repeat the test series of D4 to D8
but with a higher WW fiber content of 2.5%. This forms the third
test series.
Table 2
Physical and mechanical properties of PVA fibers.

PVA fiber type Diameter (lm) Length (mm) Elongation (%)

WW 35 12 7.3
BHL 39 12 7
REC-15 39 12 7
3.2. Specimen preparation and experimental tests

All ECC mixtures were prepared using a planetary mixer with
10 L capacity. All solid ingredients, including cement, silica sand,
fly ash and crumb rubber, were first mixed for 3 min. Then water
and high range water reducing admixture were added and mixed
for 5 min. When the fresh mortar reached a uniform state, the
PVA fiber was added slowly and mixed for 10 more minutes until
the fibers were evenly distributed. All specimens were
de-molded after 24 h, and then cured under sealed condition at
95 ± 5% RH and temperature of 20 ± 2 �C in the first seven days fol-
lowed by curing in air at room temperature (50 ± 5% RH and
20 ± 2 �C) until the predetermined testing age of 28 days (all curing
time combined).

For the purpose of composite design using the multi-scale
design framework of ECC, microscopic and mesoscopic parameters
were experimentally determined. Fiber/matrix interfacial parame-
ters, including chemical bond strength Gd, frictional bond strength
s0 and slip-hardening coefficient b, were measured by single fiber
pullout test. In the test, a single fiber with an embedment length of
1 mmwas pulled out from a small block of matrix with dimensions
of 10 � 5 � 1 mm, as shown in Fig. 4. The test was conducted under
Density (g/cm3) Elastic modulus (GPa) Tenacity (MPa)

1.3 31.3 1287
1.3 22 1250
1.3 42.8 1620



Table 3
Mix design of domestic ECCs (weight ratios).

The bolded numbers signify the changes in material composition within each test series.
* Crumb rubber replacement level of silica sand by volume.

Glue
Aluminum sheet 

Fiber
Matrix 

Fig. 4. Single fiber pullout test setup (all dimension in mm).
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a displacement control of 0.4 mm/min. The test configuration, data
interpretation and calculation procedure of the interfacial parame-
ters follow those of Redon et al. [27]. Furthermore, the matrix (ECC
without fiber) fracture toughness Km was measured by three-point
bending test following a procedure similar to that described in
ASTM E399 [28]. The fracture toughness obtained based on this
method is reliable for cement based material and mortar with
maximum aggregate size of 1 mm [29]. The fracture toughness
specimens measure 350 � 76 � 38 mm, with a span of 304 mm
between supports (Fig. 5). The notch depth to height ratio was
0.4. The test was executed under a displacement control rate of
0.06 mm/min.
Fig. 5. The setup of three-point bend
The mechanical properties of ECC mixtures under compression
and tension were investigated in this study. All specimens were
tested at the age of 28 days. For each ECC mixture, three cube spec-
imens with a size of 75 � 75 � 75 mm were prepared for compres-
sive test. The tensile setup and the geometry of specimen are
shown in Fig. 6. Two LVDTs were fixed on both sides of the speci-
men to measure the deformation and the test was conducted under
displacement control of 0.5 mm/min as recommended by the Japan
Society of Civil Engineers (JSCE) [30].

4. Results and discussions

4.1. Fly ash type prescreening

As a matrix ingredient, fly ash is known to have a significant
influence on ECC performance. It is known [31,34] that fly ash
can lower the matrix fracture toughness, enhance the mix worka-
bility and improve fiber dispersion efficiency, and modifies the
fiber/matrix interface. It is also well known that fly ash from differ-
ent sources can have different chemical compositions and
reactivity.

Five different fly ashes locally available (Table 1) were screened
for producing domestic ECCs. For this screening study, REC-15 PVA
fiber was used and the fly ash to cement ratio was fixed at 2.2. The
tensile properties of the five mixtures are shown in Fig. 7. It can be
seen that the ECC specimens with fly ash 1 and 3 show low tensile
strain capacity and strength, while ECC specimens with fly ash 4
and 5 reveal a better tensile strain hardening behavior. ECC with
fly ash 5, in particular, shows a relatively high tensile strain
ing test (all dimension in mm).



Fig. 6. The direct uniaxial tensile test: (a) test setup and (b) specimen dimension.

Fig. 7. Different locally available fly ash (at FA/C = 2.2) strongly influences the
tensile response of ECC (containing 2% REC-15 PVA fiber).

Fig. 8. Tensile behavior of ECCs with local matrix ingredients and identical
composition except for PVA fiber type (REC-15, WW and BHL).
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capacity and ultimate tensile strength over 5% and 5 MPa, respec-
tively. As can be seen in Table 1 and Fig. 3b, fly ash 4 and 5 has rel-
atively higher calcium content (still Type F though) and smaller
particle size, which makes them more reactive [32]. Therefore,
the ECC with fly ash 4 and 5 has a higher first cracking strength.
Composites with fly ash 2 may not have done as well despite its
high Ca content, due to its larger particle size compared with fly
ash 4 and 5.

PVA fiber has a hydrophilic surface and is known to have exces-
sive bonding to cement [33]. According to Wang and Li [34], the
chemical bond of PVA fiber to matrix is governed by the metal
cation concentration at the interface, in particular Al3+ and Ca2+.
In fly ash based mixture, the Al2O3 in fly ash can react with Ca
(OH)2 to form calcium aluminate hydrates (Pozzolanic reaction).
Hence, the fly ash with lower combined Al2O3 and CaO content,
e.g. fly ash 5, tends to reduce the concentration of Al3+ and Ca2+
on PVA fiber surface and subsequently the chemical bond Gd,
which enhances tensile strain capacity for ECC with fly ash 5.

Based on the above screening study, ECC with fly ash 5 exhibits
better tensile strain hardening behavior than others. Hence, fly ash
5 was adopted for the tailoring of domestic ECC in the rest of this
study.

4.2. Direct replacement of REC-15 fiber by domestic fibers

Once the type of fly ash was selected based on the above-
described screening test, domestic PVA fibers (WW and BHL fiber)
were incorporated to develop ECC material in Mixture D1 (Table 3)
while Kuraray fiber (REC-15) was used as control in Mixture D0.
These mixes have identical mix composition based on the work
of Li and coworkers [34,35] that has resulted in highly ductile
ECC known as version M45, with FA/C = 1.2. The typical uniaxial
tensile stress–strain curves of ECCs with REC-15 fiber, WW fiber
and BHL fiber are shown in Fig. 8.



Fig. 10. Computed fiber bridging stress–crack opening relationship (r–d) of ECC D1
with WW fiber.
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As can be seen, ECCs with WW fiber and BHL fiber exhibit
unsatisfactory tensile strain-hardening behavior with a tensile
strain capacity of 1.2% and 0.8%, which is significantly lower com-
pared to that of ECC with REC-15 fiber. Furthermore, the ECC with
BHL fiber have an average ultimate tensile strength of 5 MPa that is
comparable to ECC with REC-15 fiber, whereas ECC with WW fiber
shows a lower tensile strength of 2.6 MPa. It suggested that BHL
fiber has a higher fiber bridging capacity than WW fiber in ECC.

This preliminary study indicates that ECCs using a direct substi-
tution of REC-15 fiber with domestic PVA fiber (WW and BHL
fibers) result in limited tensile ductility. Thus, composition tailor-
ing based on micromechanics analytical models is necessary in
order to produce composites with good tensile ductility using local
ingredients.

4.3. Micromechanics-based design of domestic ECC

In the literature, it has been observed that high content of fly
ash tends to reduce the fiber/matrix interfacial bond of PVA fiber
in ECC, thus preventing excessive fiber rupture and facilitating high
ductility of ECC [31,34,36]. In addition, incorporating fine size
crumb rubber in ECC mixtures reduces matrix toughness and, in
turn, may increase tensile strain capacity of ECC [37,38]. In this
study, these two tailoring tools were used to develop domestic
ECC.

Due to unavailability of continuous BHL fiber, only WW fiber
was used in single fiber pullout test to derive the fiber/matrix
interface micromechanical parameters. Fig. 9 shows the typical
pullout curve obtained from a single fiber pullout test in D1 matrix.
From this figure, the chemical bond Gd, frictional bond strength s0
and slip-hardening coefficient b, were calculated. Fiber bridging
stress–crack opening relationship can be computed based on these
parameters [21] using MATLAB, as shown in Fig. 10, which can be
used to obtained fiber bridging capacity r0 and calculate comple-
mentary energy J0b.

Previous work [27] indicates that PVA fiber tends to reveal an
extraordinary slip-hardening response during pulled out from
matrix; slip-hardening coefficient b was introduced to describe
this behavior [39]. However, the slip-hardening coefficient b
derived in this study was found to be negligible, which suggests
that WW fiber has no slip-hardening response during pull-out
from the matrix with local ingredients.

The influences of fly ash on fiber/matrix interfacial parameters
and matrix parameters of domestic ECC are shown in Fig. 11. The
frictional bond strength s0 shows a general decreasing trend with
Fig. 9. Typical pullout curve of WW fiber from D1 matrix.
increase in fly ash content, while the chemical bond Gd remains
constant at low fly ash contents, but decreases with higher fly
ash contents. It indicates that fly ash in ECC mixture can reduce
the fiber/matrix interface bond because of its lower chemical reac-
tivity than that of cement. A similar trend can also be observed for
matrix fracture toughness Km and elastic modulus Em except for
FA/C = 2.2 (D3W), as shown in Fig. 11b.

Incorporation of crumb rubber has a similar influence on fiber/
matrix interface and matrix parameters, as shown in Fig. 12. The
chemical bond Gd is governed by the concentration of reactive
cement species surrounding the fiber; while the frictional bond
strength s0 is controlled by the microstructure of interfacial transi-
tion zone. Incorporation of crumb rubber leads to reduction of both
bonds likely due to its dilution effect on reactive cement species
surrounding fibers and porosity increase of the matrix [37].

Based on the micromechanics based analytical models
described in Section 2, the performance indicators of strain hard-
ening (r0/rfc, J0b/Jtip) were calculated and listed in Table 4, for the
two test series D1W–D5W with increasing FA/C, and D6W–D8W
with increasing crumb rubber replacement level. In this table,
the rfc was obtained from the uniaxial tensile test for matrix spec-
imen without PVA fiber; r0 and J0b were obtained from the fiber
bridging stress–crack opening curves derived using the measured
interface bond properties Gd, so and b. Jtip was calculated as in
Eq. (3) using the measured Km and Em values.

From Table 4, it can be seen that the computed fiber bridging
capacity r0 decreases slightly with the increase of fly ash content,
while the first cracking strength rfc shows a significant drop to
1.8 MPa at FA/C = 4.0 (D5W), half of that at FA/C = 1.2 (D1W). This
is desirable from the strength criterion viewpoint since r0/rfc

increases from 1.08 at FA/C = 1.2 (D1W) to 1.94 at FA/C = 4.0
(D5W). Complementary energy J0b has a gradual increase while
crack tip toughness Jtip clearly decreases with fly ash content
increase. Therefore, the energy criterion Eq. (5) can be met after
FA/C = 2.2 (D3W). The ratio of J0b/Jtip is only 0.64 at FA/C = 1.2
(D1W), which is the reason behind the observed poor strain hard-
ening behavior of D1W.

The influence of crumb rubber on performance indicators of
strain hardening is also presented in Table 4, for the test series
including D3W and D6W to D8W. Similar to the influence of fly
ash, fiber bridging capacity r0 also decreases with the increase of
crumb rubber content. Complementary energy J0b increases gradu-
ally with the increase of crumb rubber content. The crack tip
toughness Jtip drops by 20% (from 20.3 J/m2 to 15.8 J/m2) when



Fig. 11. Influence of fly ash on fiber/matrix interface parameters and matrix parameters: (a) Gd and s0; (b) Em and Km.

Fig. 12. Influence of crumb rubber on fiber/matrix interface parameters and matrix parameters: (a) Gd and s0; (b) Em and Km.

Table 4
Strain-hardening performance indicators of ECCs with WW fiber.

Mixture ID FA/C CR r0 (MPa) rfc (MPa) J0b (J/m2) Jtip (J/m2) J0b/Jtip r0/rfc

D1W 1.2 – 3.9 3.6 19.8 31.1 0.64 1.08
D2W 1.5 – 3.7 2.4 21.3 22.5 0.95 1.54
D3W 2.2 – 3.6 2.5 22.9 20.3 1.13 1.44
D4W 3.0 – 3.6 2.0 23.8 12.9 1.84 1.80
D5W 4.0 – 3.5 1.8 26.0 9.7 2.68 1.94
D6W 2.2 15% 3.7 1.9 23.7 15.8 1.50 1.95
D7W 2.2 25% 3.3 2.2 27.1 16.8 1.61 1.50
D8W 2.2 35% 2.9 1.5 27.8 16.0 1.74 1.93
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15% volume of silica sand was replaced by crumb rubber, after
which it shows a slight fluctuation with further increase in crumb
rubber replacement level (from 15% to 35%). The resulting strain
hardening potential indicator J0b/Jtip increases gradually with the
crumb rubber replacement level.

The above micromechanics parametric evaluations suggest that
for ECC based on local ingredients, it is desirable to increase fly ash
and crumb rubber content to achieve high tensile ductility.
4.4. Composite compressive strength

The research findings in Section 4.2, although derived from
interface properties using WW fiber only, suggest a preference of
tailoring the ECC matrix with high contents of fly ash and crumb
rubber, for targeted high tensile ductility. However, compressive
strength consideration will likely limit both fly ash and crumb rub-
ber contents. In this section, the compressive strength of the two
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test series, (D1W/B–D5W/B) with increasing FA/C, and (D3W/B,
D6W/B–D8W/B) with increasing CR at fixed FA/C, are reported.

The compressive strengths of ECCs with WW/BHL fiber and dif-
ferent fly ash content are shown in Fig. 13. The compressive
strength shows a slight reduction when the FA/C increases from
1.2 to 2.2, and a significant drop when the FA/C increases from
2.2 to 4.0.

Similarly, the compressive strength decreases gradually with
the increase of crumb rubber (Fig. 14), which can be attributed
to the fact that crumb rubber has lower strength and poor bond
with the hydration products compared to that of silica sand.
Another possible reason is the increase in matrix porosity caused
by the incorporation of crumb rubber.

From this study of domestic ECC, FA/C content should not
exceed 3.0 if a compressive strength of around 30 MPa is desired.
When crumb rubber is added, a further lowering of compressive
strength to around 20–25 MPa results, approaching the lower limit
of a structural concrete.
Fig. 13. Compressive strength of ECCs with different fly ash content (Series D1W/B–
D5W/B).

Fig. 14. Compressive strength of ECCs with different crumb rubber content (Series
D4W/B, D6W/B–D8W/B).
4.5. Composite tensile properties

From the above studies on micromechanics of tensile behavior
and compressive strength measurement of domestic ECCs, it
appears that an optimal mix composition would have FA/C = 3.0
with no crumb rubber content, for both BHL and WW fiber. This
mix is expected to produce ductile tensile properties while main-
taining reasonable compressive strength. To verify this expecta-
tion, direct tensile tests of the two test series (with and without
crumb rubber) and with each fiber type were carried out.

The tensile behavior of the two test series are shown in Figs. 15
and 16. As can be seen in Fig. 15, significant strain hardening is
observed for ECC mixtures with different fly ash content. The ten-
sile strain capacity of ECC with WW fiber and BHL fiber is almost
the same at the respective fly ash content, and increases signifi-
cantly with the fly ash content, from 1.5% at FA/C = 1.2 (D1) to
4.5% at FA/C = 4.0 (D5). The result is consistent with the increase
in the ratio J0b/Jtip (Table 4) which is regarded as the strain harden-
ing potential indicator for ECC material [40].

Consistent with the decrease of fiber bridging capacity r0 with
increasing fly ash content presented in Table 4, a general reduction
trend is observed for ultimate tensile strength in Fig. 15, except for
D2B. Nevertheless, the ultimate tensile strength of domestic ECC at
FA/C = 4.0 (D5B) can still reach 4.5 MPa for BHL fiber. On the other
hand, ECCs with WW fiber exhibit relatively low ultimate tensile
strength. As mentioned in Section 4.1, it suggests that BHL fiber
in ECC provide a higher fiber bridging capacity when compared
with WW fiber. According to Li et al. [33], the peak value of r(d)
curve is governed by fiber content Vf, fiber diameter df, fiber length
Lf and fiber/matrix interface frictional stress s0. The WW fiber and
BHL fiber have similar df, the same Lf and Vf, and very similar fiber
strength (Table 2). Further, microscopic examination of the frac-
ture surface indicates that fibers are pulled out rather than rupture.
Hence, s0 appears to be the dominating factor that causes the dif-
ference of ultimate tensile strength of composites with WW and
BHL fiber.

The s0 value for BHL was not measured due to unavailability of
continuous BHL fibers for direct single fiber pull-out test. However,
an estimation of s0 can be obtained from the measured peak bridg-
ing strength r0. Wang and Li [34] showed that s0 and r0 are lin-
early related, as in Eq. (6), which ignores fiber rupture, slip-
hardening, and snubbing effect for simplicity.

r0 ¼ 4V fs0
Lfdf

Lf
2

� �2

� gB ð6Þ

The orientation effect captured by gB defines the efficiency of
fiber bridging [21]. When fibers are uniformly random in 3D and
2D, gB is 1/2 and 2/p, respectively [41]. Hence s0 of BHL fiber can
be deduced from Eq. (6) based on measured r0. As can be seen from
Table 5, the s0 of BHL fiber is larger than that of WW fiber in most
cases.

Fig. 16 shows the influence of crumb rubber on the tensile
behavior of ECC with WW and BHL fiber, respectively. As seen in
Fig. 16a, the tensile strain hardening behavior of ECC with WW
fiber is improved significantly. Its tensile strain capacity increases
from 1.5% to above 6% after incorporating crumb rubber, increasing
by 270%. Especially, the tensile strain capacity reached 7% when
crumb rubber content is 35% by volume replacement of silica sand.

For ECC with BHL fiber, the ultimate tensile strength reduces
significantly from 5.5 MPa to 3.5 MPa after incorporation of crumb
rubber while the tensile strain capacity remains more or less the
same, as shown in Fig. 16b. Based on the results from Table 4, Jtip
reduces with the introduction of crumb rubber into ECC matrix.
The unchanged tensile ductility suggests a similar descending
trend for J0b so that J0b/Jtip remains essentially constant.



Fig. 15. Uniaxial tensile stress–strain curves of ECCs with different fly ash content and with no crumb rubber: (a) WW fiber (Series D1W–D5W); (b) BHL fiber (Series D1B–
D5B).

Fig. 16. Uniaxial tensile stress–strain curves of ECCs with different crumb rubber content and with fixed FA/C = 2.2: (a) WW fiber (Series D3W, D6W–D8W); (b) BHL fiber
(Series D3B, D6B–D8B).

Table 5
The s0 (MPa) of BHL fiber (deduced) and WW fiber (measured).

Mixture ID BHL (2D) BHL (3D) WW

D1 1.36 1.73 1.73
D2 0.95 1.22 1.46
D3 1.49 1.91 1.27
D4 1.36 1.73 1.23
D5 1.22 1.57 1.15
D6 0.95 1.22 1.36
D7 0.95 1.22 0.91
D8 0.95 1.22 0.73
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The above results indicate that the tensile strain capacity of
domestic ECCs increase with increasing fly ash content as antici-
pated by micromechanics (Section 4.2). Incorporation of crumb
rubber enhances the tensile strain capacity of ECC with WW fiber
but not for BHL fiber.

While the uniaxial tensile stress–strain behavior experimen-
tally measured confirmed that tensile ductility is achieved,
the data suggest that for the composite containing BHL fiber, a
FA/C = 3.0 provides a good balance between tensile and
compressive properties. For the composite containing WW fiber,
the combination of FA/C = 2.2 and CR = 15% seems to generate a
high ductile ECC, but with some sacrifice in compressive strength,
dropping to below 30 MPa at 28 days.

Due to the slow reactivity of fly ash, it is anticipated that the com-
pressive strength and ultimate tensile strengthwould increasewith
age beyond 28 days, while tensile strain capacity would decrease.
From this viewpoint, the compositions D5W, D5B and D6W may
be desirable for domestic ECC if early age strength is not so critical
in a particular application. Further studies on these composites at
90 days, 180 days and 540 days will be reported separately.

The low tensile strength of domestic ECCs with WW fiber may
restrict their application; in the next section the strategy of high
fiber volume content was attempted to overcome this deficiency.

4.6. Domestic ECC with different fiber content

Theoretically, the fiber bridging capacity (and the composite
tensile strength) is governed by fiber strength, fiber content, and
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interfacial properties (Gd and s0). Therefore, a slightly higher fiber
content (2.5% by volume) was attempted with domestic ECCs D9W
and D10W, in addition to high fly ash content (FA/C = 3.0 and 4.0).
The same approach was also adopted in domestic ECCs D11W to
D13W with the incorporation of crumb rubber.

The performance indicators of strain hardening of ECCs contain-
ing WW fibers are listed in Table 6. Also the rfc was obtained from
the uniaxial tensile test for matrix specimen without PVA fiber; r0

and J0b were obtained from the fiber bridging stress – crack opening
curves; Jtip was calculated as in (3). It can be seen that fiber bridg-
ing capacity r0 and complementary energy J0b increase when the
fiber content increases to 2.5% by volume, resulting in improved
Table 6
Performance indicators of strain hardening for ECCs when (WW) fiber content is increase

Mixture ID r0 (MPa) rfc (MPa) J0b (J/m

D4W/D9W 3.6/4.5 2.0 23.8/2
D5W/D10W 3.5/4.4 1.8 26.0/3
D6W/D11W 3.7/4.6 1.9 23.7/2
D7W/D12W 3.3/4.0 2.2 27.1/3
D8W/D13W 2.9/3.6 1.5 27.8/3

Fig. 17. Uniaxial tensile stress–strain curves of ECCs with different WW fibe

Fig. 18. Uniaxial tensile stress–strain curves of ECCs with different fiber content: (a) CR
D8W).
J0b/Jtip and r0/rfc. Theoretically larger strain hardening index should
be conducive to tensile strain hardening behavior, assuming all
fibers are randomly distributed.

Figs. 17 and 18 illustrate the influence of higher fiber content on
tensile strain hardening behavior of domestic ECCs. As can be seen
in Fig. 17a, domestic ECC (without crumb rubber) D9W exhibits an
excellent strain hardening behavior with tensile strain capacity of
6% and ultimate tensile strength of 4 MPa, an increase of 100% and
33% compared with domestic D4W, respectively, for FA/C = 3.0.
Fig. 17b shows that the tensile strain capacity increases by 67%
(from 4.5% to 7.5%), and the ultimate tensile strength increases
from 2.5 MPa to 3.2 MPa when the fiber content increases to 2.5%
d from 2.0% to 2.5%.

2) Jtip (J/m2) J0b/Jtip r0/rfc

9.8 12.9 1.84/2.25 1.80/2.31
1.9 9.7 2.68/3.29 1.94/2.44
9.7 15.8 1.50/1.88 1.95/2.42
3.4 16.8 1.61/1.99 1.50/1.82
4.7 16.0 1.74/2.17 1.93/2.40

r content: (a) FA/C = 3.0 (D9W vs D4W); (b) FA/C = 4.0 (D10W vs D5W).

= 15% (D11W vs D6W); (b) CR = 25% (D12W vs D7W) and (c) CR = 35% (D13W vs



594 H. Ma et al. / Construction and Building Materials 101 (2015) 584–595
from 2.0% by volume (D10W vs D5W), for FA/C = 4.0. The compres-
sive strength for D9W and D10W reached 29 and 23 MPa,
respectively.

For mixes D11W to D13W (containing crumb rubber) with
higher fiber content, both first cracking strength and ultimate ten-
sile strength have a significant increase compared with D6W to
D8W (Fig. 18). However, the tensile strain capacities of D11W to
D13W show a pronounced reduction. It may be attributed to the
difficulty of mixing when incorporating high volume of fiber and
crumb rubber while maintaining fixed water to binder ratio, which
negatively impacts the fiber dispersion in ECC mixtures. The poor
fiber dispersion causes the reduction of tensile strain capacity,
which explains the inconsistency between the predicted higher
ductility (indicated by increase of strain hardening indictor ratio
J0b/Jtip) and actual performance for these composites containing
crumb rubber. However, for the higher fiber content mixes,
Fig. 18 also suggests the beneficial effect of crumb rubber content
which leads to higher tensile ductility, likely a result of increase in
flaw population that triggers a larger number of microcracks. For
D11W to D13W, the difficulty of fiber dispersion with the higher
fiber content also leads to a lowering of compressive strength, to
15–18 MPa.

5. Conclusions

This study focuses on the development of ECC using Chinese
domestic materials, including matrix ingredients and PVA fibers.
The micromechanical model was used to guide the design of
domestic ECC. The fiber/matrix interface and matrix properties
with strong bearing on the tensile strain hardening behavior were
tailored through the selection of fly ash type, and adjustment of fly
ash and crumb rubber contents. The specific conclusions can be
drawn as following:

(1) To attain domestic ECC, fly ash with higher calcium/smaller
particle size and lower combined Al2O3 and CaO content (e.g.
fly ash 5 in this study) is found to be beneficial for higher
first cracking strength and tensile ductility, respectively.
The tensile ductility of ECC increases with fly ash content.
However, excessive amount of fly ash tends to reduce the
compressive strength of the composite. The optimal FA/C
appears to be 3.0, when crumb rubber is not incorporated.

(2) Using BHL fiber at 2%, it was found that domestic ECC with
excellent tensile strain hardening behavior can be developed
using only local ingredients. For this composite (D4B) tensile
strain exceeding 3%, ultimate tensile strength of 5 MPa and
compressive strength of 30 MPa can be achieved.

(3) Using WW fiber at 2%, it was found that the combined use of
fly ash and crumb rubber can be beneficial to composite ten-
sile ductility. For this composite (D6W), the tensile strength
and ductility reaches 3.2 MPa and 6%, respectively. However,
the compressive strength of the composite is only 20 MPa
due to the use of crumb rubber.

(4) Domestic ECC (D9W) with ultimate tensile strength and ten-
sile strain capacity exceeding 4 MPa and 6% can be achieved,
when 2.5%WWfiber was used. The compressive strength for
this mix is 29 MPa.
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