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a b s t r a c t

This study investigated the dual effect of freeze–thaw cycles with sodium sulfate solution on the perfor-
mance of non-air-entrained Engineering Cementitious Composites (ECCs) with high volumes of slag. ECC
specimens containing three different levels of slag content as a replacement for cement (55%, 69% and
81% by weight of total cementitious material) were exposed to aggressive sodium sulfate solution under
freezing–thawing cycles. The load–deflection response associated with ultimate mid-span deflection and
flexural strength/stiffness was determined, along with crack development behavior. For comparison pur-
poses, the freezing–thawing resistance (in water) of control ECC specimens was also evaluated. Modified
point count method air-void parameters, compressive strength, porosity, water absorption and sorptivity
tests were also conducted on the virgin ECC specimens (those not exposed to freezing–thawing cycles in
water or aggressive sodium sulfate solution). The test results for the virgin specimens revealed that
increased slag content (S/PC) improved the ductility, hardened air content, water absorption, porosity
and sorptivity of ECC, while marginally decreasing the compressive and flexural strengths. Freeze–thaw
cycles in water or sodium sulfate solution showed that the ductility of ECC specimens decreased remark-
ably, irrespective of slag content and applied freezing–thawing process. Reduction in mass loss was at
minimal levels and no significant behavior change was monitored between the specimens undergoing
freeze–thaw cycling in water and the aggressive sodium sulfate solution. Moreover, the decrease in flex-
ural stiffness was more evident than the reduction of the flexural strength for all ECC mixtures.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The durability of cement-based composites is based on degrees
of resistance to frost, corrosion, permeation, carbonation, chemical
attack such as sulfate attack. Generally, properties of cement-based
composites are measured under the single action of one of the
deterioration mechanisms mentioned above [1–5]. However, in
real field exposure, damage to cement-based composite structures
often occurs due to multiple mechanisms acting in a combined and
possibly synergistic manner. Therefore, it is vital to develop perfor-
mance tests that mobilize multiple damage mechanisms to im-
prove our understanding of their combined effects on emerging
concretes and cement-based composites [6]. Although limited data
is currently available on the long-term performance of elements/
structures made of normal, high-strength and self-compacting
concretes under multiple damaging mechanisms, no research has
been done to date on the dual effects of freeze–thaw (F–T) cycling
012 Published by Elsevier Ltd. All
with sodium sulfate solution on the properties of Engineered
Cementitious Composites (ECCs).

ECC is a special type of high-performance fiber-reinforced
cementitious composite designed with micromechanical principles
[7–15]. Micromechanical design allows for optimization of the
composite for high performance, resulting in extreme tensile strain
capacity while minimizing the amount of reinforcing fibers (typi-
cally less than 2% by volume). The materials used in the production
of standard ECC mixtures are Portland cement, Class-F fly ash,
micro-silica sand, water, polyvinyl alcohol fiber, and a polycarb-
oxylic-ether type high range water reducing admixture (HRWR)
[16]. Unlike ordinary cement-based materials, ECC strain-hardens
after first cracking, much like a ductile metal, and demonstrates
a strain capacity 300–500 times greater than normal concrete
[17]. This unique tensile strain-hardening behavior results from
an elaborate design using a micromechanics model that takes the
interactions among fiber, matrix and fiber–matrix interface into
account [18]. ECC can significantly enhance the durability of struc-
tures exposed to aggressive environments, such as F–T cycles, hot
water immersion, chloride immersion, deicing-salt exposure and
rights reserved.
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alkali-silicate reaction. These properties, along with the relative
ease of production including self-consolidation casting and shot-
creting, make ECC materials suitable for various civil engineering
applications such as high-rise buildings, bridges, tunnels, high-
ways, and other forms of infrastructure [19,20].

In this research study, ECC mixtures were produced and evalu-
ated using slag (S) instead of fly ash; slag is a by-product of pig iron
manufacturing. Partial replacement of slag, like fly ash, reduces the
environmental burden. Substituting slag for Portland cement up to
70% improved the flexural deflection and the tensile strain capacities
of ECC. The addition of slag can also enhance durability; for instance,
it provides better sulfate and chloride ion penetration resistance. It
also results in a more homogeneous fiber distribution because slag
particles provide a driving force for fiber dispersion [21].

As mentioned earlier, ECCs are suitable for tunnels, highways,
and other forms of infrastructure. Recently, the usage of ECC has
increased in the construction of these types of structures, which
are often concomitantly exposed to sulfate rich environments
and frost action [22]. To evaluate the resistance of high-volume
slag-incorporated ECC mixtures to the dual effect of freezing–
thawing cycles and aggressive sulfate attack, this study produced
non-air-entrained high-volume slag-incorporated ECCs and accel-
erated testing procedures for ECC specimens, combining their
exposure to aggressive sodium sulfate solution with freezing–
thawing cycles. The results were compared with those of the con-
trol specimens subjected to freezing–thawing cycles with water,
which are commonly used as the sole performance measure of
the quality of cement-based composites under frost action [23].

2. Experimental studies

2.1. Materials and mixture proportions

Type I general use Portland cement (PC) and ground granulated
blast furnace slag (S) with a Blaine specific surface area of 430 m2/
kg were used in all three ECC mixtures developed for this study.
The hydraulic activity index of slag was category 80, according to
ASTM C 989 [24]. Physical properties and chemical compositions
of the PC and slag are listed in Table 1. All ECC mixtures included
micro-silica sand with a maximum grain size of 250 lm and a
mean size of 110 lm, and a polycarboxylic-ether type high range
water reducing admixture (HRWR) with a solid content of approx-
imately 30%. The polyvinyl alcohol (PVA) fiber used had a length of
8 mm, a diameter of 39 lm, tensile strength of 1600 MPa and den-
sity of 1300 kg/m3. The fiber surface is coated with 1.2% oil by
weight to reduce the fiber–matrix chemical and friction bond
Table 1
Characteristics of Portland cement and slag.

Chemical analysis Cement Slag

SiO2 21.72 38.4
Al2O3 5.96 10.64
Fe2O3 3.6 0.79
CaO 60.78 34.2
MgO 2.64 6.94
K2O 0.75 0.84
Na2O 0.17 0.16
SO3 2.17 1.48
P2O5 0.04 0.07
TiO2 0.36 0.71
Cr2O3 0.0455 0.01
Mn2O3 0.1496 1.84
LoI 2.0 3.09
SiO2 + Al2O3 + Fe2O3 31.28 49.83

Physical properties
Blaine (m2/kg) 350 430
45 lm 4.5 1
Density 3.18 2.87
[25]. In all ECC mixtures, the fiber content was kept constant at
2% by volume. All produced high-volume slag-incorporated ECC
contained no air-entraining admixture.

Details of the three high-volume slag-incorporated ECC mixtures
with S/PC of 1.2, 2.2 and 4.2 by weight are provided in Table 2. Mix-
tures were prepared in a standard mortar mixer with a constant
amount of cementitious materials and a constant water (W) to
cementitious material (CM) ratio (W/CM) of 0.27, and a micro-silica
sand (SS) to cementitious material ratio (SS/CM) of 0.36. HRWR was
added to the mixture until the desired fresh ECC characteristics were
visually observed. The amount of HRWR admixture in each mixture
was adjusted to achieve consistent rheological properties for better
fiber distribution and workability. All three ECCs therefore have sim-
ilar fresh properties with self-consolidating performance [26]. As
seen in Table 2, increasing the S/PC ratio from 1.2 to 4.2 slightly de-
creased the HRWR needed to reach the desired consistent fresh ECC
characteristics. It is well known that ground granulated blast fur-
nace slag is a latent hydraulic material and when incorporated with
PC, its reaction must be initiated by calcium hydroxide released from
hydration. Therefore, slag retards the hydration of blended cement
and prolongs setting time. Also, fine slag particles fill the spaces
among the cement particles and improve particle size distribution
[27]. Most probably, for the combined above-mentioned aspects,
the need for HRWR decreased with the increase in slag content [28].
2.2. Mixing, specimens and curing

A Hobart mixer was used in preparing all ECC mixtures. Solid
ingredients, including Portland cement, slag and aggregate, were
first mixed at 100 rpm for 1 min. Water and HRWR admixture were
added into the dry mixture and mixed at 150 rpm for another min-
ute, then at 300 rpm for 2 min to produce a consistent ECC matrix.
A liquefied fresh mortar matrix should reach a consistent and uni-
form state before adding fibers; after examining it to ensure there
was no clumping at the bottom of the mixer, PVA fiber was added
and mixed at 150 rpm until all fibers were evenly distributed [26].

Several 400 � 100 � 75 mm and 355 � 50 � 75 mm prism
specimens were cast from each mixture and subjected to freezing–
thawing tests and determination of air-void characteristics, respec-
tively. The compressive strength of ECC mixtures was computed as
an average of six 50-mm cube specimens. Water absorption, poros-
ity and sorptivity tests were also performed on at least three com-
panion 50-mm virgin cube specimens at the age of 28 days. All
specimens were cast in one layer without any compaction and
demolded at the age of 24 h. Compressive strength, water absorp-
tion, porosity and sorptivity specimens were cured in sealed plastic
bags at 95 ± 5% RH, 23 ± 2 �C for 7 days. The specimens were then air
cured at 50 ± 5% RH, 23 ± 2 �C until the age of 28 days. Hardened air
void and frost resistance specimens were subjected to moist curing
in lime-saturated water at 23 ± 2 �C for 13 days. Fourteen days after
Table 2
Mix properties of high-volume slag-incorporated ECC mixtures.

Ingredients S/PC = 1.2 S/PC = 2.2 S/PC = 4.2

Water (W) (kg/m3) 380 379 378
Cement (PC) (kg/m3) 576 395 242
Slag (S) (kg/m3) 691 868 1017
Silica sand (SS) (kg/m3) 456 455 454
Fiber (PVA) (kg/m3) 26 26 26
HRWRA (kg/m3) 5.4 5.2 4.5
S (%) 55 69 81
S/PC 1.2 2.2 4.2
SS/CM 0.36 0.36 0.36
W/CM 0.30 0.30 0.30
Strength 28 days (MPa) 61.7 59.2 56.1
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casting, the beam specimens were moved into the freeze–thaw
chamber in accordance with ASTM C666 Procedure A [29].

Several specimens were subjected to a 5% (by mass) sodium sul-
fate solution and the remaining specimens were placed in normal
tap water. All of the specimens were subjected to 300 cycles, which
included five to six freezing and thawing cycles in a 24-h period.
Change in mass loss was measured every 30 cycles, and both the
sodium sulfate solution and tap water were renewed. The load–
deflection response, mid-span deflection, flexural strength, flexural
stiffness and residual crack width of the specimens were deter-
mined by testing four replicate specimens under four-point loading
before freezing and thawing cycles. Similarly, after exposure to 300
freezing–thawing cycles in sodium sulfate solution or tap water, a
four-point bending test was performed under displacement control
at a loading rate of 0.005 mm/s on a closed-loop controlled servo-
hydraulic material test system with a span length of 360 mm and
a height of 75 mm to determine residual flexural performance
and bending load–deflection curves. For each high-volume slag-
incorporated ECC mixture, four companion freeze–thaw specimens
were tested.

The air-void parameters of the high-volume slag-incorporated
ECC mixtures on polished specimens were determined by a modi-
fied point count method according to ASTM C457 [30]. Measure-
ments were made on the hardened ECC using a microscope, and
the air void parameter was examined by scanning along a series
of traverse lines. Air content, spacing factor (maximum distance
from any point in the cement paste to an air-void boundary) and
specific surface (ratio of the surface area of the air voids to their
volume) were used to characterize the air voids [31]. In general,
a good quality, frost-resistant concrete requires a spacing factor
of less than 0.20 mm and a specific surface greater than 25 mm�1.
Table 4
Flexural properties of high-volume slag-incorporated ECC mixtures according to
applied environmental condition.

Applied
condition

Mixture
ID

Mid-span
deflection
(mm)

Flexural
strength
(MPa)

Relative
stiffness
(%)

Residual
crack
width
(lm)

14 days moist
cured and
tested before
F–T cycles

S/
PC = 1.2

2.63 11.85 100 72

S/
PC = 2.2

3.99 11.72 100 69

S/
PC = 4.2

4.16 10.18 100 63

After 300 F–T
cycles in
water

S/
PC = 1.2

1.44 10.21 65 130

S/ 1.47 9.78 70 120
3. Results and discussions

3.1. Air void analysis

It is generally recognized that the air void structure of cement-
based composites is a critical parameter for durability, especially
when subjected to freezing–thawing action [31]. The basic charac-
teristics of the air void analysis of the hardened non-air-entrained
high-volume slag-incorporated ECC are presented in Table 3. In
the three non-air-entrained ECC mixtures, the specific surface
fluctuated between 18.3 and 23.2 mm�1 and the spacing factor be-
tween 0.28 mm and 0.37 mm. These spacing factor values were
somewhat higher than the suggested limits for producing durable
concrete to withstand severe cold weather [32,33]. However, it
must be kept in mind that high-volume slag-incorporated ECCs
are produced without deliberate air entrainment. As seen in
Table 3, although no deliberate air-entrainment was added to the
slag-incorporated ECC mixtures, the hardened-air contents of these
mixtures had values of 7.5%, 7.1% and 6.6% for the ECC mixtures
with S/PC ratios of 1.2, 2.2 and 4.2, respectively. ACI committee
345 [34] recommended air content ratios for bridge deck concretes
subjected to freezing, mentioning that the air content of any mix-
ture depends on aggregate gradation, fine aggregate content,
slump, concrete temperature and mixing time. Their recommended
air content volume varied based on aggregate size; the lower the
Table 3
Air-void characteristics of ECC mixtures.

Properties S/PC = 1.2 S/PC = 2.2 S/PC = 4.2

Air content (%) 7.5 7.1 6.6
Specific surface (mm�1) 18.3 20.7 23.2
Spacing factor (mm) 0.37 0.29 0.28
aggregate size, the higher the recommended air content value. For
the 9.5 mm nominal maximum aggregate size, the recommended
air content value was 7.5%. As mentioned earlier, the maximum
grain size of the micro-silica sand used in the slag-incorporated
ECC was 250 lm, which means that the above-mentioned hardened
air-content seemed to be adequate in terms of freeze–thaw durabil-
ity. As also seen in Table 3, an increase in S/PC from 1.2 to 4.2
decreased the air content and spacing factors significantly, while
augmenting the specific surface only slightly. Most probably, the
relatively fine slag particles (Blaine fineness 430 m2/kg, see
Table 1) could have filled the space, resulting in denser microstruc-
ture of the ECC [35]. Generally, a higher slag content in an ECC mix-
ture lowers the hardened air content and spacing factor.

3.2. Compressive strength

The compressive strength test results of the high-volume slag-
incorporated ECC mixtures at 28 days are listed in Table 2. Six
50-mm compression cubes were used to define the average com-
pressive strengths according to ASTM C39 [36] procedures. The
compressive strength of ECC decreased marginally with the in-
crease of S/PC or slag content (from 55% to 81%); however, even
at 81% replacement of Portland cement with slag (S/PC = 4.2), the
compressive strength at 28 days was about 55 MPa. A reduction
in compressive strength at early ages of up to 28 days was ob-
served due to the pozzolanic activity of minerals that may only
be effective in the long term; ECC produced with a high volume
of slag requires a longer period of moist curing [37].

3.3. Flexural strength

The flexural strength, mid-span deflection capacity at peak stress,
and residual crack width of 14-day moist-cured high-volume slag-
incorporated ECC samples (tested before exposure to freezing–
thawing cycles) are presented in Table 4. Fig. 1 also shows the
representative 14-day flexural strength/mid span deflection re-
sponse curves of high-volume slag-incorporated ECCs. As can be
seen in both Table 4 and Fig. 1, an increase in S/PC improved the duc-
tility (deformation capacity) of ECC significantly. This result can be
attributed to the lower matrix toughness and the improved fiber–
matrix interface due to increased slag content [21]. As demonstrated
PC = 2.2
S/
PC = 4.2

1.89 8.98 68 119

After 300 F–T
cycles in
sulfate
solution

S/
PC = 1.2

1.55 10.25 69 126

S/
PC = 2.2

1.57 9.93 74 123

S/
PC = 4.2

1.88 9.07 78 116



Fig. 1. Flexural strength-mid span deflection curve of high-volume slag-incorpo-
rated virgin ECC mixtures (before exposure to freeze–thaw cycles). Fig. 3. Water absorption and porosity test results of high-volume slag-incorporated

virgin ECC mixtures.
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in Fig. 2, under the four-point bending load, the high-volume
slag-incorporated ECC prisms containing 55–81% slag underwent
plastic deformation similar to a metal plate. Based on the flexural
strength-mid span deflection curve of the ECC mixtures in Fig. 1, it
can be concluded that all slag-incorporated ECC mixtures exhibited
strain hardening behavior, and mid-span deflection value at peak
load reached 4.16 mm with total displacement at more than
6.5 mm for the S/PC = 4.2 mixture. On the other hand, the increase
in slag content only marginally influenced flexural strength, and at
81% replacement of Portland cement with slag (S/PC = 4.2), flexural
strength was more than 10.0 MPa. An increase in S/PC from 1.2 to 4.2
only decreased the flexural strength values from 11.85 to 10.18 MPa.

Table 4 also presents the effects of slag content on residual
crack width. All tested specimens were inspected under a micro-
scope to measure crack width. All crack width measurements were
conducted in the unloaded stage, and widths were measured on
the tension surface of the prism specimens along the span length
of 120 mm. It was observed that residual crack width decreased
slightly as S/PC or slag content increased. Increased slag content
led to a smaller residual crack width. As shown in Table 1, slag
has a higher Blaine fineness value than Portland cement, which
means it contains a higher number of small particles. More small
particles result in better packing at the fiber–matrix interface
and improved interfacial property. As a result, crack widths may
get smaller with increased slag content [21]. Development of mul-
tiple tight micro-cracks (less than 80 lm) instead of one crack with
large crack width is the foremost property of ECC (see Fig. 2).
Fig. 2. Typical cracking patterns of ECC prism specim
3.4. Water absorption, porosity and sorptivity

Fig. 3 presents the results of water absorption and porosity
tests. It shows that increasing the S/PC ratio from 1.2 to 4.2 gradu-
ally decreased both water absorption and porosity. For instance,
the ECC mixture with an S/PC of 4.2 had 9.0% and 17.0% water
absorption and porosity values, respectively, compared to 10.5%
and 19.7% for ECC with an S/PC of 1.2. The slight reduction in water
absorption and porosity reflected a finer pore structure that would,
for example, inhibit ingress of aggressive elements into the pore
system [38]. Increasing slag content from 55% to 81% resulted in
a decrease in the total volume of air in hardened ECC and in a
corruption of the air void system exhibited by a decrease of micro-
pore content. The decreased water absorption and porosity of ECC
mixtures were proportional to the decreased spacing of the air
voids and hardened air content.

The change in absorption (mm) with time (s0.5) depended on
the S/PC of ECC mixtures, as demonstrated in Fig. 4. This test was
chosen as it measures the rate of ingress of water through unsatu-
rated ECC specimens. The results of cumulative water absorption
per unit area in the 50-mm cube specimen up to 6 h was used
for linear regressions, and the slope of the regression equation
was used to describe the sorptivity of ECC mixtures. It is clear from
Fig. 4 that the rate of water absorption increased systematically
with an increase in testing time, and that there was a significant
reduction in the sorptivity coefficient of ECC mixtures. For in-
stance, increasing the S/PC from 1.2 to 2.2 and from 2.2 to 4.2
ens after flexure load applications (S/PC = 4.2).



Fig. 4. Sorptivity results of high-volume slag-incorporated virgin ECC mixtures.

Fig. 5. Mass loss changes of ECC mixtures depending on the number of freezing and
thawing cycles.

Fig. 6. Mid-span deflection variation of ECC mixtures according to applied
environmental condition.

Fig. 7. Variation of flexural strength-mid span deflection values of ECC mixtures
after exposure to freezing and thawing cycle: (a) S/PC = 1.2; (b) S/PC = 2.2; (c) S/
PC = 4.2.
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decreased the sorptivity coefficient from 0.0187 to 0.0084 mm/s0.5

and from 0.0084 to 0.0053 mm/s0.5, respectively (see Fig. 4, slope of
line). The rate of reduction was around 55% and 36%, respectively.
As seen in Fig. 4, the correlation coefficient (r) between the absorp-
tion (mm) and testing time (s0.5) was very high (0.99) for all the
high-volume slag-incorporated ECC mixtures.

3.5. Freezing–thawing cycling in water or sodium sulfate solution

After 300 F–T cycles in water (reference) or in sodium sulfate
solution, visual inspection of all non-air-entrained high-volume
slag-incorporated ECC specimens showed no change or only
slightly visible damage. Deterioration of specimens during F–T
cycles was evaluated by computing mass loss, flexural strength,
mid-span deflection, relative stiffness and residual crack width
variations. Fig. 5 presents the variation of mass loss according to
the applied freezing–thawing process (in water or in sodium sul-
fate solution), S/PC and number of F–T cycles. As per Fig. 5, the
mass of the specimens increased slightly up to 60 F–T cycles; how-
ever, it was generally less than 0.1%, with a maximum mass gain of
0.08% for the S/PC = 4.2 ECC mixture in water. The reason behind
the mass gain was most probably the absorption of water or so-
dium sulfate solution and the formation of reaction products in
the voids [39]. Beyond 60 F–T cycles, a slight decrease was moni-
tored in the mass of specimens; at the end of 300 F–T cycles, max-
imum mass loss was approximately 3.0% for the S/PC = 4.2 ECC
mixture in water. A marginal increase was observed in the mass
loss of ECC mixtures depending on the applied freezing–thawing
process and S/PC. Generally, an increase in S/PC increased mass
loss. The experimental results showed that the mass loss of ECC
subjected to F–T cycles in sodium sulfate solution was fractionally
lower than that in water, as shown in Fig. 5. According to Miao
et al. [1], this result may be related to the differences in physical



Fig. 8. Variation of relative stiffness and flexural strength according to applied
environmental condition.
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properties of frozen water and solution, such as freezing point,
deformability or ductility. Normally, in the classical form of sulfate
attack, sodium sulfate (Na2SO4) reacts with portlandite (CH),
monosulfate and unreacted C3A to form gypsum (CSH2) and
ettringite (C6AS3H32), which can cause expansion, cracking, and
deterioration of concrete [6]. However, 2 months of F–T cycles in
sulfate solution may not be enough to form gypsum or ettringite.
Very little scaling was observed on the surface of high-volume
slag-incorporated ECC prisms, irrespective of S/PC and applied
freezing–thawing process.

Table 4 and Figs. 6 and 7 present the variation in mid-span
deflection of ECC mixtures. Ductility of the ECC mixtures (repre-
sented by mid-span deflection) decreased remarkably, regardless
of S/PC and applied freezing–thawing process. As seen in both
figures, no significant difference was observed on the average
mid-span deflection value of ECC specimens subjected to F–T cy-
cles in water or sodium sulfate solution. For instance, the average
mid-span deflection values of S/PC = 2.2 ECC mixture were 3.99,
1.47 and 1.57 mm before F–T cycles, after 300 F–T cycles in water
and after 300 F–T cycles in sulfate solution, respectively. These
results contradict previous research [19]. Sahmaran et al. [19] as-
sessed the durability of non-air-entrained fly-ash-incorporated
ECC under F–T cycles. They concluded that 55% fly-ash-incorpo-
rated ECC without air entrainment showed excellent resistance
to freezing and thawing, with minimal reduction in ductility. They
also mentioned that increases in pore volume greater than approx-
imately 0.30 lm in diameter and intrinsically high tensile ductility
due to the presence of micropolyvinyl alcohol fibers could be the
reasons behind a lower reduction in ductility. However, although
the same polyvinyl alcohol fiber was used in this research, the duc-
tility of high-volume slag-incorporated ECC mixtures decreased
along with the effect of frost action. Despite a notable reduction
in ductility, after undergoing 300 F–T cycles in water or sodium
sulfate solution, high-volume slag-incorporated ECC specimens re-
tained a mid-span deflection capacity more than a hundred times
that of normal concrete with no environmental exposure [19].

The main parameters that control resistance to freezing and
thawing are air content and spacing factor [40]. According to the
air void analysis results in Table 3, the ECC mixtures with the low-
est air void spacing factor (0.28 mm) were severely deteriorated
during freezing and thawing in water or sulfate solution; average
mid-span deflection decreased from 4.16 mm to about 1.88 mm.
An increase in slag content most probably led to a finer pore struc-
ture. However, large pores (generally larger than 0.3 lm in diame-
ter) were beneficial to frost resistance of concrete, whereas small
and intermediate-size pores were detrimental to the frost resis-
tance of cement-based composites [19].

Table 4 and Fig. 7 illustrate the flexural strength variations for
the high-volume slag-incorporated ECC prism specimens before
and after exposure to 300 F–T cycles in water or sodium sulfate
solution. The decreased flexural strength of ECC mixtures due to
freezing and thawing, which is most probably due to the formation
of microcracks, was found to be similarly influenced by the applied
freezing–thawing process. Both of the applied freezing–thawing
processes (in water or in sodium sulfate solution) moderately de-
graded the flexural strength; the reduction rate for ECC mixtures
was around the same level. For instance, flexural strengths of
ECC mixtures with 55% slag were 11.85, 10.21 and 10.25 MPa be-
fore F–T cycles, after 300 F–T cycles in water and after 300 F–T cy-
cles in sulfate solution, respectively. The lowest flexural strength
was observed in the S/PC = 4.2 ECC mixture after 300 F–T cycles
in water. Fig. 8 presents the relative stiffness and flexural strength
fluctuations of ECC mixtures. It demonstrates that an increase in
slag content slightly augmented the deterioration of flexural
strength. The slope of the flexural stress/mid span deflection curve
represents the stiffness of the ECC prisms. Fig. 8 shows that the
slope or stiffness decreases when ECC specimens are subjected to
F–T cycles. It can be noted from Fig. 8 that the reduction in stiffness
is significantly higher than the reduction in flexural strength. Like
flexural strength, the stiffness loss of the ECC specimens subjected
to F–T cycles in sodium sulfate solution was marginally lower than
those subjected to freeze–thaw in water. The sodium sulfate solu-
tion had both positive and negative effects on the high-volume
slag-incorporated ECC mixtures when subjected to F–T cycles;
the positive effect was that when ECC specimens were immersed
in solution, sodium sulfate permeated into the pores and the con-
centration of pore solution increased, which led to a drop in its
freezing point. This drop was beneficial in that it reduced damage
in specimens more effectively than in those subjected to F–T cycles
in water [1]. The negative effect was concrete degradation result-
ing from the sulfate attack. In the present case, as seen in Table 4
and Figs. 5–8, the positive effect of sodium sulfate solution was
dominant, showing slightly less degradation than the fresh water
specimens.

Table 4 also shows the residual crack width of the high-volume
slag-incorporated ECCs after being subjected to freeze–thaw ac-
tion. The residual crack width of all ECC mixtures at ultimate flex-
ural load was less than 130 lm. As mentioned in previous research
[41], for crack widths of less than about 135 lm, the effect of crack
on effective chloride diffusion and mass loss of steel reinforcement
was marginal when compared with the virgin specimens. Among
the three high-volume slag-incorporated ECCs, the mixture with
the S/PC of 4.2 showed the smallest residual crack width regardless
of the applied environmental condition. Residual crack width in
the specimens subjected to F–T cycles in water was higher than
for those in the sodium sulfate solution. After exposure to F–T
cycles in water or sodium sulfate solution, residual crack width
widened considerably, with a rate of increment of around 85%.
Pigeon et al. [40] hypothesized that the tensile stresses due to
freezing in frost-susceptible systems will always be higher than
the tensile strength at some point, and thus cracks will always
be formed. As a result of flexural loading, cracks occurring due to
F–T cycles got wider.
4. Conclusions

The following conclusions have been drawn from the study:

� All high-volume slag-incorporated ECC virgin beam specimens
(those not subjected to F–T cycles) exhibited multiple cracking
and strain hardening behavior under four-point bending.
Increasing the amount of slag in ECC led to an increase in ductility
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(measured in terms of peak deflection) and also to a remarkable
decrease in residual crack width. All ECC mixtures showed aver-
age mid-span deflection values higher than 2.65 mm and resid-
ual crack widths smaller than 80 lm.
� For the virgin ECC specimens, despite a marginal reduction in

compressive and flexural strength with increased slag content,
significant improvements were observed in water absorption,
porosity, sorptivity and hardened air-void parameters.
� After 300 freeze–thaw cycles in sodium sulfate solution or

water, ECC specimens were found to be quite similarly influ-
enced. ECC mixtures exhibited somewhat less degradation
when freezing and thawing was conducted in 5.0% sodium sul-
fate solution rather than in water.
� After 300 freeze–thaw cycles, a significant reduction was mon-

itored in the mid-span deflection behavior (a measure of ductil-
ity) of ECC beam specimens, regardless of slag content and
applied environmental process. The highest mid-span deflec-
tion reduction was observed at the highest slag replacement
level, where average mid-span deflection was decreased from
4.16 mm to 1.88 mm.
� The rate of decrease in flexural strength and mass was much

lower than that observed in mid-span deflection under
freeze–thaw cycles. At the end of 300 freeze–thaw cycles in
water, maximum flexural strength and mass loss were around
17% and 3.0%, respectively, for ECC mixtures with an S/PC of 4.2.
� In ECC beam specimens subjected to freeze–thaw cycles, the

decrease in relative stiffness was much more evident than that
observed in relative flexural strength. After 300 freeze–thaw
cycles in water, the drop in relative stiffness was around 35%
compared to a 17% drop in relative flexural strength for ECC
mixtures with an S/PC of 4.2.
� Despite exposure to 300 freeze–thaw cycles, whether in sodium

sulfate solution or in water, residual crack width of all ECC mix-
tures at ultimate flexural load was smaller than 130 lm. Resid-
ual crack widths of specimens subjected to freeze–thaw cycles
in sodium sulfate solution were slightly larger.
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