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Tensile Ductility of Engineered Cementitious Composites
by Mustafa Şahmaran, Hasan E. Yücel, Serhat Demirhan, Mehmet T. Arık, and Victor C. Li

prevents steady-state flat-crack propagation, resulting in a 
loss of tensile ductility of ECC.5-7 Moreover, the introduc-
tion of aggregates with a particle size larger than the average 
fiber spacing leads to balling of fibers and results in poor fiber 
dispersion uniformity.8,9 These considerations lead to ECC 
with fine aggregate with an aggregate/binder ratio (A/B) of 
0.36 and a maximum grain size of 250 µm (0.01 in.).7

Due to environmental and economical reasons, there 
is a growing trend toward using industrial by-products as 
supplementary materials in the production of different types 
of concrete mixtures. Among the various supplementary 
materials, fly ash (FA) and slag are the most commonly avail-
able mineral admixtures. These by-products from industrial 
processes are usually available in large quantities. In the past 
few years, the substitution of cement with FA and slag has 
also been of great interest and gradually applied to practical 
applications of ECC.10-12 The absence of coarse aggregate 
in ECC results in a higher cement content. Partial replace-
ment using FA or slag reduces the environmental burden. 
Further, it has previously been found that incorporating a 
high amount of mineral admixtures, especially FA, can 
reduce the matrix toughness and improve the robustness of 
ECC in terms of tensile ductility.12 Additionally, unhydrated 
particles of mineral admixtures with small particle size and 
smooth spherical shape serve as filler particles, resulting in 
higher compactness of the fiber/matrix interface transition 
zone that leads to a higher frictional bonding.12 This aids 
in reducing the steady-state crack width beneficial for long-
term durability of the structure.

It is hypothesized that the increase in matrix toughness 
due to an increased amount and size of aggregates could 
potentially be offset by the decrease in toughness when high-
volume mineral admixture is used in the production of ECC. 
Recently, Şahmaran et al.13 investigated the influence of 
aggregate size on the mechanical properties of high-volume 
FA-ECC. The test results indicate that aggregates with a 
maximum aggregate size of up to 2.38 mm (0.094 in.), as 
long as they do not interfere with the uniform fiber disper-
sion, do not negatively influence the ductility of ECC. In 
addition to aggregate size, there is a desire to increase the 
amount of aggregates and explore the use of an alterna-
tive mineral admixture type beyond FA. However, there is 
currently no systematic study on the influence of simulta-
neously increasing the aggregate amount and size on the 
tensile behavior and dimensional stability in terms of free 
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INTRODUCTION
Concrete is a quasi-brittle material. When its tensile 

strength is reached, a single crack forms and the crack width 
increases indefinitely. Even with steel reinforcements, crack 
width control in structures often proves unreliable. Because 
cracking in structures reduces durability by allowing easy 
penetration of aggressive chemical agents into the concrete 
cover, many attempts have been made to overcome the 
quasi-brittle nature of concrete. In recent years, a new type 
of concrete material called engineered cementitious compos-
ites (ECCs) with significantly enhanced ductility has been 
introduced. ECC is a special type of high-performance fiber-
reinforced cementitious composite featuring high ductility 
and damage tolerance under mechanical loading, including 
tensile and shear loadings.1,2 By employing micromechanics-
based material optimization,1,3 a tensile strain capacity 
of 3 to 5% under uniaxial tensile loading can be attained 
with only 2% polyvinyl alcohol (PVA) or polyethylene fiber 
content by volume.1,4 The characteristic strain-hardening 
behavior of ECC is accompanied by the sequential develop-
ment of multiple microcracking. Even at ultimate load, the 
crack width remains on the order of 50 to 80 mm (0.002 to 
0.003 in.).

The mixture proportions of ECC are optimized through 
a micromechanics-based material design theory to satisfy 
strength and energy criteria to attain high composite 
ductility.1,2 The type, size, and amount of fiber, matrix ingre-
dients, and interface characteristics are tailored for multiple 
cracking and controlled crack width in ECCs. Current ECCs 
are designed with a limited amount of very fine aggregates. 
Specifically, high aggregate content and the presence of 
coarse aggregates in a paste tend to increase the matrix (ECC 
without fiber) toughness, which delays crack initiation and 
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amounts of aggregates are used. Accordingly, an experi-
mental program was undertaken to study the dependence 
of the ECC properties on its mixture composition governed 
by mineral admixture types and amount, and maximum 
aggregate size and amount. The focus in developing this 
composite has been on achieving moderately high compres-
sive strength, low shrinkage, and improved elastic modulus 
while maintaining superior ductility in the long term.

RESEARCH SIGNIFICANCE
This study systematically investigates the combined 

effects of increasing aggregate content and mineral admix-
tures on ECC properties. No information is currently avail-
able on the influence of aggregate size and amount on the 
long-term tensile ductility and free and restrained shrinkage 
capacity of ECC mixtures incorporating large volumes of FA 
or slag. This study intends to fill this knowledge gap.

EXPERIMENTAL PROGRAM
Materials and mixture proportions

The basic mixture ingredients in ECC were: CEM-I 
42.5 type cement (C), fly ash (FA), slag (S) (refer to 
Table 1 and Fig. 1 for physical and chemical properties), 
high-range water reducer (HRWR) (polycarboxylate ether as 
an active ingredient with 40% solid content), and fine quartz 
aggregate with two different maximum aggregate sizes 
(400 and 1000 mm [0.016 and 0.039 in.]) (refer to Fig. 1 for 
particle size distributions). PVA fiber 8 mm (0.3 in.) in 
length and 39 µm (0.002 in.) in diameter extensively used in 
previous ECC studies14-16 is also adopted herein. To account 
for material inhomogeneity, a PVA fiber content of 2% by 
volume has been typically used in the mixture design. These 
decisions were made through the ECC micromechanics 
material design theory, which has been experimentally 
demonstrated to produce good ECC properties in previous 
investigations.2

In total, 24 mixtures with two different fine aggregate sizes 
(400 and 1000 mm [0.016 and 0.039 in.] maximum aggregate 
size), three aggregate contents (0.36, 0.45, and 0.55 A/B), 
two mineral admixture types (FA and S), two mineral 
admixture replacement rate (1.2 and 2.2 FA-S/C ratio) and 
a constant water-binder ratio (w/b) of 0.27 are considered. 
Details of this factorial design and designation of mixtures 
are presented in Table 2. HRWR was added to the mixture 
until the desired fresh ECC characteristics were visually 
observed. As seen in Table 2, the ECC mixtures are labeled 
such that the ingredients are identifiable from their mixture 
IDs. The first letter in the mixture designations indicates the 
mineral admixture type. The numbers after the letter indi-
cate the mineral admixture/cement ratio, A/B, and maximum 
aggregate size, respectively. The mixture proportion of an 
ECC mixture FA1.2_0.36_400 with the same FA and aggre-
gate content as commonly studied ECCs12 is adopted as a 
reference in this study.

Specimen preparation and testing
In this study, a mortar mixer was used in preparing all 

ECC mixtures. Six specimens of each ECC mixture were 
tested under each type of loading condition for each testing 
age (7, 28, 90, and 180 days). Fifty millimeter (2 in.) cubic 
specimens were prepared for the compressive strength test, 
and 360 x 75 x 50 mm (14 x 3 x 2 in.) prisms were prepared 
for the four-point bending and fracture toughness tests. All 
specimens were demolded after 24 hours and cured in plastic 
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Table 1—Chemical and physical properties of 
cement, FA, and S

Chemical composition Cement FA S

CaO, % 61.43 1.64 34.48

SiO2, % 20.77 56.22 38.40

Al2O3, % 5.55 25.34 10.96

Fe2O3, % 3.35 7.65 0.81

MgO, % 2.49 1.80 7.14

SO3, % 2.49 0.32 1.48

K2O, % 0.77 1.88 0.86

Na2O, % 0.19 1.13 0.18

Loss of ignition, % 2.20 2.10 3.00

SiO2 + Al2O3 + Fe2O3 29.37 89.21 50.17

Physical properties

Specific gravity 3.06 2.31 2.79

Blaine fineness, m2/kg 325 290 425

Note: 1 m2/kg = 0.54 yd2/lb.

Fig. 1—Particle size distributions of FA, S, and fine aggre-
gates. (Note: 1000 mm = 0.039 in.; 1 mm = 0.039 in.)

and restrained shrinkage of ECC. There is also no study on 
the effect of using slag as a deliberate approach to limit the 
matrix toughness and restore tensile ductility when higher 
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bags at 95 ± 5% relative humidity (RH), 23 ± 2°C (73.4 ± 
3°F) for 7 days. The specimens were then placed in an envi-
ronmental chamber at 50 ± 5% RH, 23 ± 2°C (73.4 ± 3°F) 
until the day of testing.

To measure the fracture toughness of the ECC matrix (ECC 
without fiber), prisms having dimensions of 360 x 75 x 50 mm 
(14 x 3 x 2 in.) were prepared. There is no standard method in 
measuring the fracture toughness of cementitious materials. 
The ASTM E399-90(97)17 standard test method was adopted 
in this study. ASTM E399 has previously been implemented 
in cementitious materials with a maximum aggregate size 
≤1 mm (≤0.0394 in.) as used in this study and justified based 
on a relatively small process zone size compared with the 
laboratory specimen size.7 Six prisms with a 30 mm (1.2 in.) 
deep notch made by diamond saw just prior to the experiment 
were prepared for each age of 28, 90, and 180 days at testing. 
These samples were then tested in a three-point bending 
configuration at a loading rate of 0.002 mm/s (0.00008 in./s). 
After this test, the exact notch depth of samples was measured 
and the fracture toughness of the matrix was then calculated 
in accordance with following formula 
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where PQ is the ultimate load; S is the span width; B is the 
height of the specimen; W is the depth of the specimen; a is 
the depth of the notch; and f(a/W) is the geometric calibra-
tion factor (varying between 1.91 and 2.18 with respect to 
determined exact depth of the specimens).7,17

The direct tensile test is considered to be the most accu-
rate method to confirm the strain-hardening behavior of a 
composite, as quasi-brittle fiber-reinforced composites 
can potentially show apparent strain-hardening behavior 
under flexural loading, depending on the specimen geom-
etry. However, previous studies demonstrate that deflection 
capacity under bending can be correlated with the tensile 
strain capacity when the material is truly strain-hard-
ening.18 Therefore, in this study, it was decided to use the 
four-point bending test to investigate the flexural strength 
and ductility of ECC mixtures. The four-point bending test 
was performed on a closed-loop controlled test system at a 
loading rate of 0.005 mm/s (0.0002 in./s). The span length of 
flexural loading was 304 mm (12 in.) with a 101 mm (4 in.) 
center span length. During the flexural tests, the load and 
midspan beam deflection were recorded on a computerized 
data recording system. A linear variable displacement trans-
ducer (LVDT) was also fixed on the test setup to measure the 
flexural deflection capacity of the specimen. In this study, 
the flexural deflection capacity of ECC prismatic specimens 

Table 2—ECC mixture proportions by weight

Mixture ID Cement w/b

A/B

FA/C S/C HRWR, kg/m30 to 400 mm 0 to 1000 mm

FA1.2_0.36_400 1 0.27 0.36 — 1.2 — 5.1

FA1.2_0.45_400 1 0.27 0.45 — 1.2 — 5.1

FA1.2_0.55_400 1 0.27 0.55 — 1.2 — 5.0

FA1.2_0.36_1000 1 0.27 — 0.36 1.2 — 4.9

FA1.2_0.45_1000 1 0.27 — 0.45 1.2 — 5.0

FA1.2_0.55_1000 1 0.27 — 0.55 1.2 — 5.0

FA2.2_0.36_400 1 0.27 0.36 — 2.2 — 3.0

FA2.2_0.45_400 1 0.27 0.45 — 2.2 — 3.0

FA2.2_0.55_400 1 0.27 0.55 — 2.2 — 3.0

FA2.2_0.36_1000 1 0.27 — 0.36 2.2 — 3.0

FA2.2_0.45_1000 1 0.27 — 0.45 2.2 — 3.0

FA2.2_0.55_1000 1 0.27 — 0.55 2.2 — 3.0

S1.2_0.36_400 1 0.27 0.36 — — 1.2 5.8

S1.2_0.45_400 1 0.27 0.45 — — 1.2 5.9

S1.2_0.55_400 1 0.27 0.55 — — 1.2 6.0

S1.2_0.36_1000 1 0.27 — 0.36 — 1.2 4.9

S1.2_0.45_1000 1 0.27 — 0.45 — 1.2 5.0

S1.2_0.55_1000 1 0.27 — 0.55 — 1.2 5.0

S2.2_0.36_400 1 0.27 0.36 — — 2.2 4.7

S2.2_0.45_400 1 0.27 0.45 — — 2.2 4.1

S2.2_0.55_400 1 0.27 0.55 — — 2.2 4.3

S2.2_0.36_1000 1 0.27 — 0.36 — 2.2 3.5

S2.2_0.45_1000 1 0.27 — 0.45 — 2.2 3.6

S2.2_0.55_1000 1 0.27 — 0.55 — 2.2 4.0

Note: 1 kg/m3 = 1.684 lb/yd3.
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every 24 hours for 28 days at different locations along each 
crack and the average value was plotted.

RESULTS AND DISCUSSION
Compressive strength

The average compressive strength test results of the 
ECC mixtures are summarized in Table 3. As expected, at 
the same replacement level, especially at early ages, the S 
produces significantly greater strengths than the FA. The 
greatest difference is observed at 7 and 28 days for the replace-
ment level of 2.2, where the S-ECC specimens achieve more 
than 70% higher compressive strengths than those containing 
FA. The higher early strength of S-ECC specimens can be 
attributed to the predominant reaction of S with alkali hydroxide 
during the early hydration period.21 This result is also partially 
a result of the higher rate of hydration of the S due to its large 
specific surface area (425 m2/kg [229 yd2/lb]) compared to that 
of FA (290 m2/kg [157 yd2/lb]). High surface area provides 
more nucleating sites and OH- ions as well as alkalis into the 
pore fluid. All mixtures, however, show compressive strengths 
higher than 45 MPa (6.5 ksi) at 28 days of age.

The strength development characteristics of FA-ECC and 
S-ECC with time are presented in Fig. 2. In Fig. 2, the average 
compressive strength data of ECC mixtures containing 
different amounts and sizes of aggregate and a constant 
mineral admixture replacement rate at various curing ages 
are normalized by those with same mineral admixture type 
and replacement level at 7 days. Figure 2 indicates a contin-
uous increase in strength even after 28 days for FA-ECC 
mixtures, whereas the compressive strength appears to 
approach an asymptotic value after 28 days of age in the 
S-ECC mixtures (which achieved more than 90% of their 
180-day strength at 28 days). Moreover, it is seen that 
increasing the volume of FA leads to further improvements 
in the compressive strength and the rate of strength gain.

Table 3 tabulates the compressive strength data set for 
all mixtures. It is observed that an increase in the aggre-
gate amount has no consistent effect in the compressive 
strength of ECC mixtures with the same mineral admix-
ture type and amount. This behavior is consistent for all 
mineral admixture replacement levels. This finding is likely 

is calculated from the deformation value at the peak flexural 
stress of the flexural stress-deformation curves. After the 
bending tests, the residual crack widths on the surface of the 
specimens in the unloaded state were also measured using 
a portable microscope. Microstructural changes within the 
matrix and fiber-matrix interface were also analyzed using 
scanning electron microscopy (SEM) and mercury intru-
sion porosimetry (MIP). For each FA or S replacement level, 
microstructural investigations were conducted only on ECC 
specimens with 400 mm (0.016 in.) maximum aggregate size. 
Specimens were dried to constant weight at 50°C (122°F) 
prior to testing. An instrument capable of producing pres-
sures up to 414 MPa (60 ksi) and assuming a contact angle 
of 130 degrees was used for pore size distribution analysis 
by the MIP method. All tests included at least two identical 
specimens tested at the same time.

Also, for each mixture, three 285 x 25 x 25 mm (11.25 x 
1.00 x 1.00 in.) bar specimens were cast to monitor the drying 
shrinkage until a hygral equilibrium state (180 days after an 
initial curing of 1 day in the mold and 27 days in lime-
saturated water in accordance with ASTM C15719). In addi-
tion to free shrinkage measurements, ring tests were used to 
assess the potential for restrained shrinkage cracking.20 The 
restraining ring was made of an ECC ring (140 mm [5.5 in.] 
in height) cast around the outer perimeter of a steel ring 
with 280 and 305 mm (11 and 12 in.) inner and outer diam-
eters, respectively. A 25 mm (1 in.) thick layer of ECC was 
cast around a steel annulus. For each mixture, two similar 
rings were cast and cured in the molds for 24 hours. The 
exterior mold was removed 24 hours after casting and the 
top surface of the ring was sealed using a silicone-based 
sealant. The rings were then placed in an environmental 
chamber at 50 ± 5% RH and 23 ± 2°C (73.4 ± 3°F). There-
fore, drying was allowed only from the outer circumferential 
surface of the ring-type concrete for restrained shrinkage 
specimens. The restrained shrinkage was used to record 
the onset time of a new crack and the time development of 
the width at the crack mouth. The cracking pattern, crack 
number, and crack width were measured as a function of 
age with a handheld microscope. Measurements were taken 

Table 3—Compressive strength test results

Mixture ID

Compressive strength, MPa

Mixture ID 

Compressive srength, MPa

7-day 28-day 90-day 180-day 7-day 28-day 90-day 180-day

FA1.2_0.36_400 40.07 69.30 75.8 78.56 S1.2_0.36_400 59.9 88.5 91.2 92.1

FA1.2_0.45_400 40.91 69.84 72.5 76.2 S1.2_0.45_400 58.0 90.0 93.2 95.2

FA1.2_0.55_400 37.39 62.61 67.6 73.8 S1.2_0.55_400 56.9 86.5 90.7 92.6

FA1.2_0.36_1000 37.49 60.75 65.5 71.4 S1.2_0.36_1000 60.0 89.6 92.2 95.1

FA1.2_0.45_1000 40.03 63.48 66.8 71.9 S1.2_0.45_1000 58.1 91.4 94.2 95.8

FA1.2_0.55_1000 41.62 69.44 72.7 77.3 S1.2_0.55_1000 58.5 87.9 91.1 94.3

FA2.2_0.36_400 30.22 46.13 54.7 59.1 S2.2_0.36_400 51.8 76.3 80.3 83.7

FA2.2_0.45_400 29.04 45.84 56.8 62.3 S2.2_0.45_400 50.6 78.5 88.7 88.9

FA2.2_0.55_400 30.32 47.94 58.7 63.4 S2.2_0.55_400 52.8 81.5 86.6 88.6

FA2.2_0.36_1000 27.90 48.74 57.7 63.1 S2.2_0.36_1000 52.9 79.4 84.2 87.1

FA2.2_0.45_1000 29.34 50.51 56.5 61.8 S2.2_0.45_1000 50.4 78.0 88.1 89.6

FA2.2_0.55_1000 28.62 47.47 54.2 60.3 S2.2_0.55_1000 52.6 79.2 82.3 85.3

Note: 1 MPa = 0.145 ksi.
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the result of a limited supply of mixing water available for 
hydration reactions or the hydration by-product required 
for pozzolanic reactions. If, for example, one examines 
Mixture S2.2_0.55_1000, which has the same w/b ratio 
and S replacement rate as S2.2_0.36_1000 but with a lower 
binder content because of higher A/B, one can deduce 
that the compressive strength of ECC mixtures with high 
cementing material is mostly influenced by the limited space 
available for hydration. This consequently would result in a 
high percentage of unhydrated particles in all ECC mixtures 
with a high binder content of more than 1100 kg/m3 
(1853 lb/yd3). An increase in the maximum aggregate size 
has also no consistent effect in the compressive strength of 
ECC mixtures. It is well known that conventional concrete 
strength is influenced by aggregate size.22,23 Unlike conven-
tional concrete, therefore, maximum aggregate size did not 
influence the compressive properties of ECC, at least within 
the limited range of aggregate sizes employed in this study.

Fracture toughness
Fracture toughness tests were conducted on ECC 

matrix specimens (without fibers) at 28, 90, and 180 days. 
Figure 3 shows that the fracture toughness of the S-ECC 
matrixes is consistently higher than that of the FA-ECC 
matrixes. This is mainly due to the reduced porosity and 
pore size (Fig. 4) even at early ages caused by the presence 
of S particles activated by the hydration product of cement. 
The pores in the ECC matrix may act as stress concentra-
tors and a reduction in their size will reduce the size of their 
stress intensity field. Therefore, fracture toughness can be 
controlled by the total porosity and pore size distribution 
of the hardened ECC matrix. This result is consistent with 
that of the Mai and Cotterell,24 who demonstrated a correla-
tion between higher fracture toughness and lower porosity 
in cement mortar. In ECC composites, higher matrix tough-
ness could be detrimental to achieving the desired multiple-
cracking and tensile ductility.7 Therefore, to satisfy the limits 
on the matrix toughness in S-ECC, aggregate particle size 
should be restricted to maintain a relatively low matrix frac-
ture toughness value. Test results also indicate that the use 
of FA particles should be helpful for achieving strain-hard-
ening behavior, as a lower fracture toughness value provides 
better opportunities for multiple cracking in the composite. 
Figure 3 also demonstrates that fracture toughness stabilizes 
as a function of age.

The fracture energy of ECC matrixes (with the same 
replacement rate of mineral admixtures) increases signifi-
cantly with the increase in the A/B and aggregate size. It 
is well-known that when concrete is loaded, cracks tend to 
propagate along the weaker interfacial zone or large pores in 
the matrix.25-27 As the crack meets an aggregate particle, it 
is forced either to propagate through the tougher aggregate 
or deflect and travel around the aggregate-mortar interface. 
For low-strength concrete, the interfacial transition zone is 
weaker than the aggregate. Therefore, cracks tend to propa-
gate along the interfacial transition zone, while the aggre-
gates debond and then deflect the cracks. Therefore, when 
aggregate volume increases, more aggregates debond and 
deflect cracks, resulting in a more tortuous cracking path 
and more energy needed for crack propagation, resulting in 
higher fracture toughness. Moreover, the larger the maximum 
aggregate size, the more tortuous the crack path.28 Especially 
for FA-ECC mixtures, a higher fracture surface roughness is 
observed for ECC matrixes with larger maximum aggregate 

Fig. 2—Compressive strength increase of ECC mixtures 
with age.

Fig. 3—Matrix fracture toughness as function of matrix age. 
(Note: 1 MPa × m1/2 = 0.91 ksi × in.1/2; 1 mm = 0.039 in.)

Fig. 4—Pore size distribution of ECC mixtures with FA and 
S at 28 days.
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utes to the inelastic deformation as stress increases. Shortly 
after initial cracking, the crack width grows rapidly with 
an increase in deformation, and then stabilizes at a value 
between 40 and 90 mm (0.0016 and 0.0035 in.) while addi-
tional microcracks further develop. Microcracks developed 
from the first cracking point and spread out in the midspan 
of the flexural beam. Bending failure in ECC occurred when 
the fiber bridging strength at one of the microcracks was 
reached, resulting in localized deformation at this section 
once the flexural strength was approached.

The average first-crack strength of ECC mixtures varies 
from 6.0 to 8.0 MPa (0.87 to 1.16 ksi) in accordance with 
mineral admixture type and replacement rate. The increase 
in the FA-S/C ratio from 1.2 to 2.2 reduces the first-crack 
strength by an average of up to 20%. However, aggregate 
amount and maximum aggregate size have little or no influ-
ence on the magnitude of the first-crack strengths of the ECC 
beams. The slope of the stress-deflection curve represents 
the stiffness of the beams, and it is noted from Fig. 5 that the 
slope increases significantly with S replacement (compared 
to FA replacement) and increasing aggregate content, 
thereby indicating an increase in the stiffness of the ECC 
beams. This result is consistent with what is stated in the 
literature.22,29,30 Also, as shown in Fig. 5, the stiffness does 
not appear highly sensitive to maximum aggregate size at a 
given aggregate content.

Flexural strength (MOR)—The flexural strength values for 
all the mixtures studied are summarized in Table 4. The aver-
aged ultimate flexural strengths vary from 9.35 to 12.73 MPa 
(1.36 to 1.85 ksi) at 28 days of age, depending only on the 
replacement level of mineral admixtures. Specimens that 
contained S consistently developed slightly higher flexural 
strength than specimens of identical mixture proportions 
with FA, especially at the ages of 7 days; however, these 
mixtures showed similar values at later ages. Compared with 
the compressive strength test results, the impact of the FA or 
S replacement rate on the flexural strength values, especially 
at the ages of 28 days or later, is not as strong. For example, 
the flexural strength of ECC with an FA/C ratio of 2.2 is 
approximately 85% that of the ECC mixtures with an FA/C 
ratio of 1.2. Moreover, flexural strength increased with age 
more slowly than compressive strength. As in the case of 
compressive strength test results, the aggregate content and 
maximum aggregate size also appear to have a negligible 
effect on the flexural strength, at least within the parametric 
range investigated.

Midspan beam deflection—The flexural deflection 
capacity of ECC mixtures, which reflects the material 
ductility, is summarized in Fig. 6 and Table 4. As shown in 
Fig. 6, the total deflection of the ECC beam strongly depends 
on the type and amount of mineral admixture. The mixtures 
of S-ECC showed significantly lower deflection capacity 
when compared to the ductility of the mixtures of FA-ECC. 
The improvement in the deflection capacity with the use 
of FA can be attributed to the fact that the addition of FA 
has a tendency to reduce PVA fiber/matrix interface chem-
ical bond and matrix (ECC without fiber) toughness while 
increasing the interface frictional bond. The microstructural 
studies provide some assistance in evaluating the differences 
in macroscopic behavior between FA-ECC and S-ECC. 
The SEM observation was made with specimens at the age 
of 180 days. It is observed (Fig. 7) that the microstructure 
changes greatly with the incorporation of S, with not many 
unhydrated particles left at 180 days. The increase in fiber/

size (1 mm [0.039 in.]) than that with smaller maximum 
aggregate size (0.4 mm [0.016 in.]). In contrast, this effect 
is not as pronounced in the high-strength matrix mixtures 
(for example, S-ECC) as in the low-strength matrix mixtures 
because the quality and porosity of the interfacial zone and 
in the matrix are greatly improved.

Flexural performance
Load-deflection curves—The typical flexural stress-

midspan beam deflection curves for all the ECC mixtures 
studied are shown in Fig. 5. In the flexural stress-deflec-
tion curves, the stress at the first drop associated with the 
first cracking is defined as the first cracking strength, the 
maximum stress is defined as the flexural strength (modulus 
of rupture [MOR]), and the corresponding deflection is 
defined as the flexural deflection (midspan beam deflection) 
capacity. The flexural performances of ECC mixtures were 
calculated by averaging the results of six specimens. The 
coefficient of variation of the flexural strength test results for 
each mixture is less than 10%.

As seen in Fig. 5, under bending load, an ECC beam 
containing aggregate up to 1.0 mm (0.039 in.) maximum 
size aggregate deforms similarly to a ductile metal plate 
through plastic deformation. Each specimen was examined 
using a microscope during and after loading to determine the 
crack width and distribution. In all ECC specimens, the first 
cracks to appear were flexural cracks starting at the surface 
of the tension face. After first cracking, the load continues 
to rise, accompanied by multiple cracking, which contrib-

Fig. 5—Typical flexural stress-deflection curves of ECC 
mixtures at age of 28 days for: (a) FA-ECC; and (b) S-ECC. 
(Note: 1 mm = 0.039 in.; 1 MPa = 0.145 ksi.)
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matrix frictional bond strength with S addition, which is 
detrimental to achieving sufficient multiple cracking and 
strain-hardening behavior, is also suggested by the SEM 
image. Differences in the matrix surrounding and fiber are 
seen between specimens containing FA and S. Comparing 
Fig. 7(a) with 7(b), the fiber surfaces in S-ECC have more 
attached matrix material compared to FA-ECC. For a fiber 
to be pulled out of the S-ECC matrix, debonding at the fiber 
interface or fracture of the hydrate product is required to 
overcome interlocking of the hydrate product.31 As also seen 
in Fig. 7(a), a much smoother fiber surface was obtained in 
FA-ECC specimens. On the other hand, in the case of S-ECC 
mixtures, fiber surfaces were severely abraded. Although 
S-ECC mixtures exhibit a smaller deformation capacity, 
their flexural deflection capacity is still approximately or 
greater than 2 mm (0.079 in.) at 28 days of age. The 2.0 mm 
(0.079 in.) deformation is nearly equivalent to 1.5% strain 
capacity on the tensile face of the beam. This deflection 
capacity remains almost 150 times higher than that in normal 
concrete and conventional fiber-reinforced concrete.1

From Fig. 6, a trend of increased deformability (ductility) 
with mineral admixture content can be detected. This effect 
is more pronounced in FA-ECC mixtures. The total deflec-
tion increased as the replacement level of FA increased, 
reaching as much as 7.02 mm (0.276 in.) at peak load at the 
age of 7 days for the mixture with FA/C = 2.2. The 7.02 mm 
(0.276 in.) deformation is equivalent to more than 4% strain 
capacity on the tensile face of the beam.18 The deformation 

Table 4—Flexural strength test results

Mixture ID

Deflection, mm Flexural strength, MPa

7-day 28-day 90-day 180-day 7-day 28-day 90-day 180-day

FA1.2_0.36_400 5.68 4.83 4.49 4.41 8.48 12.73 12.80 12.91

FA1.2_0.45_400 4.52 4.23 3.99 3.81 7.51 11.92 12.19 12.59

FA1.2_0.55_400 4.09 3.97 3.84 3.71 7.69 11.41 12.42 12.87

FA1.2_0.36_1000 5.11 4.59 4.12 3.98 7.88 11.63 12.04 12.44

FA1.2_0.45_1000 4.38 4.14 3.79 3.67 7.96 11.12 11.98 12.18

FA1.2_0.55_1000 3.54 3.15 3.07 3.01 8.52 12.17 12.62 12.93

FA2.2_0.36_400 7.02 5.89 5.29 5.18 7.36 10.19 11.58 11.64

FA2.2_0.45_400 6.25 5.56 4.85 4.74 7.04 10.79 11.23 11.78

FA2.2_0.55_400 5.40 4.99 4.88 4.64 7.26 10.14 10.03 11.01

FA2.2_0.36_1000 5.55 4.72 4.50 4.40 6.59 9.39 10.59 11.17

FA2.2_0.45_1000 5.47 4.50 4.17 4.16 7.28 10.27 10.96 11.83

FA2.2_0.55_1000 4.73 4.02 3.92 3.72 7.14 9.35 10.13 10.94

S1.2_0.36_400 3.73 3.10 3.04 2.88 9.92 12.58 12.63 12.71

S1.2_0.45_400 3.24 2.71 2.62 2.49 9.89 12.38 12.70 12.98

S1.2_0.55_400 2.62 2.44 2.42 2.29 9.23 12.19 12.24 12.66

S1.2_0.36_1000 3.60 2.94 2.74 2.61 9.78 12.04 12.36 12.87

S1.2_0.45_1000 2.93 2.10 1.75 1.66 9.55 12.68 12.90 13.07

S1.2_0.55_1000 2.51 2.14 1.71 1.66 9.11 12.50 12.51 12.87

S2.2_0.36_400 4.31 3.98 3.44 3.31 8.44 11.50 11.78 12.02

S2.2_0.45_400 3.66 3.22 3.18 2.95 8.69 11.89 11.73 12.11

S2.2_0.55_400 3.23 2.55 2.21 2.05 8.45 11.42 11.35 11.63

S2.2_0.36_1000 4.14 3.35 3.06 2.77 8.63 11.29 11.15 11.47

S2.2_0.45_1000 3.55 3.10 2.73 2.60 8.73 11.73 11.46 11.88

S2.2_0.55_1000 3.01 2.30 2.16 1.95 8.82 11.58 11.82 12.13

Notes: 1 mm = 0.039 in.; 1 MPa = 0.145 ksi.

Fig. 6—Influence of mineral admixture, aggregate size, and 
amount on deformability in flexure. (Note: 1 mm = 0.039 in.)
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capacity measured after 7 days was lower than the 7-day 
deformation capacity for all ECC mixtures. However, the 
overall effect of this slight drop in long-term deformation 
capacity is minimal. Based on the similarity of test results 
up to 180 days, the flexural deformation capacity seems to 
stabilize after 28 days. The time-dependent deformation 
capacity change described previously has been known for 
some time and is ascribed to the increase in the fiber/matrix 
interface properties and matrix toughness associated with 
the continued hydration process of binder.12,32

The better ductility performance of FA-ECC compared 
with S-ECC is supported by several related observations. 
Figure 7(a) shows that there are numerous unhydrated 
spherical FA particles in the interfacial zone of FA-ECC 
mixtures at the age of 180 days. This is in agreement with 
the widely acknowledged fact that FA content beyond 30 to 
40% does not participate in the hydration process because 
the amount of calcium hydroxide that is produced as a result 
of the hydration of portland cement will not be adequate 
for the pozzolanic reaction of all FA particles, but could be 
seen as mere filler material, or aggregate, in the matrix. It is 
apparent that the fiber is pulled out from the matrix, leaving 
a smooth interfacial surface. In addition to better fiber/
matrix bond properties for tensile ductility, the presence of 
unhydrated FA particles also decreases the matrix toughness 
and contributes to the multiple-cracking pattern.31

The adverse effects of increased size of aggregates on 
ductility performances of ECC are shown in Fig. 6. This 
figure indicates that the increase in aggregate size and 
amount result in a decrease in the ECC ductility. The nega-
tive effects of increasing aggregate size at large aggregate 
content on ductility may be attributed to the corresponding 
poor dispersion of fibers. The balling of fibers encouraged 
by coarser aggregates at constant aggregate content prevents 
sufficient coating of fibers by the matrix, and thus reduces 
the effective fiber content, which is an important factor influ-
encing ductility.9 Moreover, for ECCs with larger aggregate 
size and volume, a higher degree of aggregate interlock 
is expected, resulting in a higher matrix toughness, which 
reduces the margin to develop multiple cracking.1,7

Test results also show that higher FA content tends to 
compensate for the negative effect of higher aggregate 
amounts and sizes on composite tensile ductility. When the 
FA/C ratio is increased from 1.2 to 2.2, ECC mixtures with a 
higher amount of aggregate and larger maximum aggregate 
size show deflection capacity almost as good as that of the 
reference ECC beams (Fig. 6).

The relationship between the matrix fracture toughness 
and composite deflection value obtained from the four-
point bending test for all mixtures is shown in Fig. 8. It 
can be seen that the deflection decreases linearly with an 
increase in fracture toughness (with an inverse linear corre-
lation constant of 0.86). While the micromechanics of ECC 
predicts a tendency to lose composite ductility as matrix 
fracture toughness increases, this is the first time an experi-
mental correlation between composite ductility and matrix 
toughness is established with a large data set.

Crack characterization—After unloading, multiple 
microcracks with a small average crack width and fine crack 
spacing were observed on all specimens. The measured 
average crack width is less than 90 mm (0.004 in.) for S-ECC 
mixtures and 60 mm (0.002 in.) for FA-ECC mixtures 
at 28 days of age. At 180 days, this width is reduced to less 
than 70 mm (0.003 in.) by increasing the S/C ratio from 
1.2 to 2.2. Similarly, the crack width reduces significantly as 
FA content increases at all ages. At the age of 180 days, the 
residual crack width of ECC mixtures with an FA/C ratio of 
2.2 is approximately 40 mm (0.0015 in.) with smaller crack 
spacing. This trend is likely associated with the enhanced 
interfacial friction along the fiber-matrix interface and more 
uniform distribution of fibers throughout the matrix. On the 
other hand, the use of aggregates up to 1.00 mm (0.0394 in.) 

Fig. 7—SEM micrograph of ECC at age of 180 days taken from fractured surface of ECC 
mixtures for: (a) FA-ECC; and (b) S-ECC.

Fig. 8—Correlation between fracture toughness versus 
midspan beam deflection. (Note: 1 mm = 0.039 in.; 1 MPa = 
0.145 ksi.)
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maximum aggregate size and 0.55 A/B does not influence 
the average residual crack width.

Restrained shrinkage cracking
The typical development of an average crack width with 

time for restrained shrinkage specimens is shown in Fig. 9. 
All ECC mixtures show some degree of multiple cracking. 
Basically, the width of a crack develops very fast in the first 
few days after crack formation, but gradually stabilizes to 
a constant value. Figure 9 shows that restrained shrinkage 
cracks begin after 3 to 4 days in S-ECC, and after 4 to 9 days 
in FA-ECC, in accordance with the mineral admixture 
replacement rate and aggregate amount. The benefit of using 
FA is immediately obvious in the observed increase in the age 
of restrained shrinkage cracking. In addition, first cracking 
is significantly delayed in with an increase in aggregate 
content. The total crack widths for all the FA-ECC mixtures 
are significantly smaller than the cracks developed in S-ECC 
mixtures. By increasing the volume of FA, further improve-
ments are obtained in the potential for restrained shrinkage 
cracking behavior. On the other hand, the crack onset time 
is accelerated and the crack width is increased for S-ECC 
specimens, and it is not so strongly affected by the increase 
in the volume of S. The use of S leads not only to higher 
early-age shrinkage but also to higher ultimate shrinkage 
(as discussed in the next section). The higher early-age 
shrinkage could lead to significant cracking because of the 
low tensile strength of ECC at an early age. The effect of 
variables studied in this investigation on the shrinkage of 
ECC is comprehensively discussed in the following section.

Drying shrinkage
The results of the drying shrinkage test at the age 

of 180 days for all mixtures studied are shown in Fig. 10. 

Fig. 9—Development of crack width in restrained specimens with time. (Note: 1 mm = 0.039 in.)

Fig. 10—Drying shrinkage of ECC mixtures at 180 days. 
(Note: 1 mm = 0.039 in.)

The general trend in Fig. 10 shows that the increase in the 
mineral admixture content, especially FA, can effectively 
reduce drying shrinkage deformation. Similar results have 
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been reported for high-volume FA concrete.33 In this study, a 
reduction between 11 to 13% of drying shrinkage, depending 
on the aggregate size and amount, is found when the FA/C 
ratio is increased from 1.2 to 2.2. A possible mechanism 
contributing to the reduction of drying shrinkage in ECCs 
is the matrix densification due to FA addition, which may 
prevent internal moisture evaporation.34 The matrix densifi-
cation is typically attributed to the shape, pozzolanic prop-
erty, and micro-filler effect of FA. An alternative mechanism 
is that unhydrated FA particles act as aggregates, which 
provide restraint to shrinkage, and the coarser pore structure, 
which results in decreased surface tension when a meniscus 
is formed and, thus, lower shrinkage forces exerted on the 
surrounding cement paste.33,35,36

S-ECC tends to have a higher ultimate shrinkage compared 
with a similar mixture containing FA. For example, the 
shrinkage strain of S2.2_0.55_1000 is 1315 me—27% higher 
than that of FA2.2_0.55_1000. This increase might be due to 
the enhanced pore size refinement mechanism of S (Fig. 4). 
As seen in Fig. 4, the porosity of S-ECC is much lower and 
has finer sizes than FA-ECC, which may proportionately 
increase free shrinkage.37 The total porosity and average 
pore diameter increase with an increase in the replacement 
of mineral admixture content. For a given aggregate content 
and size, a reduction up to 6% of drying shrinkage is found 
when the S/C ratio is increased from 1.2 to 2.2.

The effect of aggregate content is more pronounced than 
that of the aggregate size on the long-term drying shrinkage 
of ECC. Each 0.10 rate increase in the A/B decreases the 
value of shrinkage on the order of almost 10%. This trend is 
consistent in ECCs with different mineral admixture types 
and replacement rates.

CONCLUSIONS
This paper investigates the influence of aggregate size 

and amount on the mechanical performances and free and 
restrained shrinkage capacity of ECC containing a high 
volume of mineral admixtures. Based on the experimental 
results described in this study, the following conclusions can 
be drawn:

1. The ECC ductility, reflected by the deflection capacity 
measurements, strongly depends on the type and amount 
of mineral admixture. The increase in tensile ductility is 
accompanied by a reduction in fracture toughness of matrix, 
and the compressive and flexural strengths of ECC as the 
mineral admixture (FA and S) replacement rate increases. 
Among the mineral admixtures investigated in this study, 
these effects are much more pronounced in FA-ECC 
mixtures than S-ECC. The FA-ECC shows a significantly 
higher deflection capacity and a tighter crack width when 
compared with those of S-ECC. It is concluded that FA used 
in this study serves as a more effective mineral admixture 
than S in limiting the matrix fracture toughness in ECC.

2. For a given mineral admixture type and content, an 
increase in aggregate size and content leads to a significant 
increase in the matrix fracture toughness while no definite 
trend in compressive and flexural strength is observed. The 
ductility of ECC is negatively influenced by the increase of 
aggregate size and content. It is found, however, that the 
high-volume FA-ECC mixtures (FA/C ratio of 2.2) produced 
with larger aggregate size and amount exhibit strain-
hardening behavior with remarkable deformation capaci-
ties almost matching that of the reference ECC mixture 
(FA1.2_0.36_400). This study confirms the hypothesis 

that the negative effect of aggregate on the tensile ductility 
of ECC by increasing matrix fracture toughness can be 
compensated by an increase in mineral admixture content, 
especially when FA is used.

3. FA-ECC with higher aggregate content shows signifi-
cant improvement in drying shrinkage and restrained 
shrinkage cracking behavior when compared with reference 
ECC. Compared with S, large-volume FA leads to a delayed 
restrained shrinkage cracking, lower crack width, and lower 
ultimate drying shrinkage in ECC. Test results also suggest 
that the size of aggregate plays no significant role on the 
ultimate shrinkage, at least for the limited aggregate size 
range studied.
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