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a b s t r a c t

Engineered cementitious composite (ECC) is a unique group of fiber-reinforced strain-hardening
cementitious composites exhibiting crack self-healing. Due to the absence of coarse aggregates in the
ECC mix design, high amount of supplementary cementitious materials (SCM) are generally used to
reduce the cement content. The inclusion of slag not only changes the chemical compositionss of the
matrix but also alters the crack width of ECC. Both may influence the autogenous healing potential of the
slag-based ECC. This paper systematically investigates the influence of the individual factor, i.e. slag
content, crack width, and environmental alkalinity, on the autogenous healing efficiency of ECC. Spe-
cifically, single-cracked ECC specimens with different slag content and crack width were conditioned
under water/dry or NaOH/dry cycles. The autogenous healing performance was evaluated based on crack
width reduction, resonant frequency recovery and microstructure analysis. The results show that
autogenous healing is determined by a couple effect of physical properties (crack width), chemical
compositionss (slag content), and environmental conditions (conditioning alkalinity). At a given slag
content and certain alkalinity, there exists a maximum allowable crack width for complete healing,
beyond which only partial or no healing would happen. The dominant healing product for the water/dry
conditioning is CaCO3 while the NaOH/dry cycles promote slag hydration and results in the formation of
CeSeH and CaCO3 as main healing products. It is concluded that CaCO3 precipitation is more effective to
engage autogenous healing than the formation of CeSeH. The concept to associate allowable crack width
and slag content is proposed, which would guides ingredients selection and component tailoring to
engage robust autogenous healing in ECC in the future.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Infrastructures, for public transportation, energy harvesting,
and commercial activities, are vital to the economic well-being of a
nation and life quality of the citizens. While the importance of in-
frastructures in economic development is well recognized, the
disrepair, especially of concrete structures, is reaching an alarming
level. In most developed countries, concrete maintenance and
rehabilitation cost about 50% of the outlay on infrastructures [1].
While the effort in maintenance is undoubtedly important,
improving the durability of concrete is the only fundamental so-
lution in the long term.
Deterioration of concrete infrastructure, such as corrosion of
reinforcing steel, is associated with the formation of cracks. Rein-
forced concrete members could crack under structural loading, but
more often due to constrained shrinkage/thermal deformations,
which are practically inevitable [2]. Cracks in concrete become the
pathways for various aggressive agents to penetrate, which accel-
erates deterioration of reinforced concrete structures; they also
reduce the load capacity of some unreinforced concrete members
such as plain concrete pavement [3] and concrete railway sleepers
[4]. As a result, it is highly desirable to engage self-healing in
concrete, i.e. the cracks being healed in natural environment
without human interference.

The phenomenon of self-healing in cement-based material has
been known formany years. It was observed that cracks of some old
concrete structures were lined with white crystalline material,
which demonstrated that concrete itself is capable of sealing the
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Fig. 1. Typical tensile stress-strain-crack width curve of ECC [17].

Fig. 2. Resonant frequency (RF) ratio as a function of crack width [17].
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cracks with certain new substance, which were chemically formed
in presence of water from the rain and carbon dioxide in the air. A
number of studies [5e7] investigated water permeation through
cracked concrete, also noted a gradual reduction of permeability
over time, which again demonstrated the capability of the cracked
concrete to seal itself.

Two approaches have been developed to promote self-healing
in concrete. The first approach, referred to as autonomic healing
[8], embeds capsules or packets containing self-healing compounds
to the concrete matrix [9e13]. In the encapsulation-based
approach, the capsules contain chemical compounds, either two-
part adhesives or additional matrix resins [14,15]. When the cap-
sules are broken by the propagating crack, the compound is
released exclusively into the damaged location, resulting in im-
mediate and efficient repair. Despite the obvious advantage in self-
healing efficiency, the amount of required healing compound in-
creases rapidly as crack grows and widens, which causes very high
cost [16].

The second approach relies on the self-healing ability of the
concretematrix itself. It is usually referred to as autogenous healing
[17]. This approach relies on the homogenous and pervasive dis-
tribution of healing compounds, e.g. free calcium ions and unhy-
drated cement particles in concrete matrix [18,19]. Upon cracking,
these compounds are activated by contacting water and carbon
dioxide present in the natural environment and form healing
products to fill cracks. Such healing products normally take the
form of calcite precipitates and/or additional hydration products.
Autogenous healing turns the deteriorating environmental agents
into beneficial healing reagents. Despite the relatively lower heal-
ing efficiency compared to encapsulation-based approach, autog-
enous healing offers great potential for long-term functionality, and
requires relatively lower cost [20,21]. However, lack of reliability is
the major obstacle to achieve robust autogenous healing. For
instance, while some of the cracks in old concrete structures were
healed, more of them remain unhealed [20]. It has been reported
that crack width control is essential to form healing products
within cracks [5e7]. Finer crack width, which helps to maintain the
relatively high alkalinity for calcite precipitation, is more likely to
induce autogenous crack healing [5]. Unfortunately, such tight
cracks are often difficult to achieve in normal reinforced concrete
structures [22].

Engineered cementitious composite (ECC) is a unique group of
fiber-reinforced strain-hardening cementitious composites exhib-
iting ultra-high ductility of several percent with the formation of
multiple fine cracks [23e25]. Fig. 1 illustrates the relationship be-
tween tensile stress, strain, and average crack width in a typical
polyvinyl alcohol (PVA) fiber-reinforced ECC. As can be seen, the
crack width increases gradually with the increase of tensile stress
and stabilizes at around 60 mm after tensile strain of 1%, i.e. the
crack width in ECC is self-controlled and can be regard as an
intrinsic property of thematerial [17]. Autogenous healing aremore
likely to happen in such tight cracks in PVA-ECC [17,26e28], but the
degree of healing of ECC is still highly affected by the crack width.
As shown in Fig. 2, Yang et al. [17] found that for the typical PVA-
ECC, the smaller cracks are more likely to heal. Specifically, the
maximum allowable crack width to obtain complete resonant fre-
quency recovery through autogenous healing was around 50 mm;
partial recovery was observed for cracks between 50 and 150 mm;
cracks beyond 150 mm did not show any recovery.

Ground granulated blast furnace slag (GGBS) is often used as a
supplementary cementitious material (SCM) in concrete [29]. GGBS
can be activated in the alkaline environment in concrete, contrib-
uting to the compressive strength in a long-term [29,30]. The in-
clusion of slag changes the autogenous healing efficiency of normal
concrete. Van Tittelboom et al. [35] have shown that under
continuous water conditioning, replacing cement with blast
furnace slag at 50% led to the highest crack closing rate compared to
the 0% and 85% replacement. Huang et al. [36] concluded that the
blended slag cement paste (66% wt.) had higher autogenous heal-
ing potential than Portland cement paste.

In ECC mix design, due to the absence of coarse aggregates, the
cement content is much higher than conventional fiber-reinforced
concrete. As a result, GGBS is often suggested as cement replace-
ment in ECC mix design [31e34]. Qian et al. [32] studied the self-
healing behavior of ECC adopting high slag content and
concluded that the healing efficiency was comparable with that of
ECC that has zero slag. Sahmaran et al. [37] found that in slag-rich
ECC, cracks up to 100 mm were completely sealed after 60 days of
continuous water conditioning. All results reported in the previous
studies; however, were the combined effects from changes of
chemical compositionss of matrix and crack width of composite
due to the addition of slag. All study failed to separate the
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influences of the two potential sources, i.e. chemical compositionss
and crack width, on the autogenous healing behavior of slag-based
ECC. No systematic study has been carried out in this regard. In
addition, the effect of high alkalinity on the autogenous healing of
slag-based ECC is rarely studied.

The inclusion of slag not only changes the chemical composi-
tionss of the matrix but also alters the crack width of ECC [33,34].
Both may influence the autogenous healing potential of the slag-
based ECC, which is determined by a coupled effect of physical
properties (crackwidth), chemical compositions (slag content), and
very likely environmental conditions (alkalinity). It is therefore
necessary to understand the contribution from individual factor on
the autogenous healing behavior. This form the basis to have a
complete understanding of the coupled effects of crack width, slag
content, and environmental alkalinity on the autogenous healing
behavior o slag-based ECC, which represent the bottleneck to
predict and to design slag-based ECC with robust autogenous
healing.

This paper systematically investigates the influence of the in-
dividual factor, i.e. slag content, crack width, and environmental
alkalinity, on the autogenous healing efficiency of ECC. The degree
of healing was evaluated through the measurement of crack width
reduction and resonant frequency recovery. Microstructure anal-
ysis was engaged to reveal the chemical compositions of the
healing products. The feasibility of quantifying the coupled effect
and predicting the autogenous healing behavior of slag-based ECC
is discussed.

2. Experimental program

ECC specimens with different slag content were prepared. The
specimens were pre-loaded to form a single crack with pre-
determined crack width up to 300 mm, followed by conditioning
the pre-cracked specimens in different environmental conditions.
The autogenous healing performance was evaluated based on crack
width reduction, resonant frequency recovery, and microstructure
analysis. The detailed experimental program is given in the
following sections.

2.1. ECC specimen preparation

Type I Portland cement (CEM I 52.5 N), GGBS, fine aggregates,
and polyvinyl-alcohol (PVA) fibers, superplasticizer (SP) and tap
water were used as ingredients for ECC specimen preparation. The
GGBS (particle size less than 100 mm) was produced by quenching
and drying the molten iron slag from normal blast-furnace. The
elementary composition of GGBS is shown in Table 1. The fine ag-
gregates (particle size less than 600 mm) were obtained by sieving
normal river sand. The PVA fibers are of 12 mm in length, 39 mm in
diameter, and have a nominal tensile strength of 1600 MPa.

Three levels of slag content, i.e. 0%, 30%, and 60% cement
replacement, were studied as shown in Table 2. The water-to-
binder (cement and GGBS) ratio was fixed at 0.30, while the
GGBS-to-binder ratio ranged from 0% to 60%. Since the crack width
in ECC is self-controlled, lower fiber dosage was adopted in Mixes 4
Table 1
Elementary composition of GGBS.

CaO 39.43%
SiO2 31.19%
Al2O3 13.41%
MgO 9.32%
SO3 4.25%
Others 2.40%
to 6 in order to obtain crack width larger than 100 mm.
Cement, GGBS, and fine aggregates were dry mixed first with a

three-gear planetary mixer for two minutes. Water and SP were
slowly added to the mixture at low mixing speed within one
minute, followed by medium mixing speed for another two mi-
nutes to achieve the required rheology of the fresh mortar. PVA
fibers were then slowly added into themixture at lowmixing speed
within one minute, followed by medium mixing speed for three
minutes to ensure good fiber dispersion.

The fresh mixture was cast into molds of dog-bone specimens
(Fig. 3a) for uniaxial tensile testing (Fig. 3b) and self-healing tests,
and cube specimens (50� 50� 50 mm3) for compressive tests. The
specimens were de-molded after one day and were cured in labo-
ratory air (20 �C, 80%RH) until the pre-determined age. Uniaxial
compressive and tensile tests were conducted for ECC specimens at
the age of 28 days. At least three specimens were tested and the
mechanical testing results are given in Table 3.

2.2. Self-healing tests

2.2.1. Pre-cracking
At the age of 40 days, dog-bone specimens were pre-cracked

using the same set-up (Fig. 3b) as used for the uniaxial tensile
test. A single crack with pre-determined crack width up to 300 mm
was introduced in each specimen by controlling the pre-cracking
load level. At 2% fiber content, i.e. GGBS0 to 60, the crack width
of ECC is self-controlled and it would not be possible to extend
crack widths beyond 100 mmwithout generating a second crack. As
an alternative, GGBS0a to 60awith lower fiber content were used to
produce larger single crack up to 300 mm. After pre-cracking, the
load was released and the crack width was measured with optical
microscope, the details of which are given in the section on crack
width measurement.

2.2.2. Self-healing conditioning regime
Two different wet/dry cycles were used as conditioning regimes

to engage autogenous healing. The first type of wet/dry cycle con-
sisted of submerging the specimens in water (20 �C) for one day,
followed by exposing the specimens to air (20 �C, 80%RH) for
another day, which was suggested by Yang et al. [17]. The second
type of wet/dry cycle consisted of one day in NaOH solution
(pH ¼ 13, 20 �C) followed by another day in air (20 �C, 80%RH). The
later conditioning regime was used to encourage slag hydration
through alkali activation. For each slag content and each type of
wet/dry cycle, three uncracked virgin specimens were also condi-
tioned for 14 wet/dry cycles as control.

2.2.3. Crack width measurement
Crack width reduction on both sides of the specimen surface

was measured as a direct assessment of self-healing. The crack
width was measured at a specific location, i.e. the same location,
before and after conditioning on the specimen surface. At least
three locations were measured for each specimen. At least six
specimens were used to obtain crack width reduction for each
combination of slag content and conditioning alkalinity. Images of
all pre-cracked specimens before and after conditioning were taken
at magnification of 210 � by Nikon DS-Fi2 high resolution camera.
The high-magnification images were used to monitor changes of
crack width.

2.2.4. Resonant frequency measurement
Resonant frequency (RF) can be used to determine the stiffness

and to characterize damage in concrete. In this study, recovery of
transverse resonant frequency (TRF) of single-cracked dog-bone
ECC specimenwas adopted to characterize the stiffness recovery as



Table 2
Proportions of mix design in current research.

Mix. no Cement (kg/m3) GGBS (kg/m3) Sand (kg/m3) Water (kg/m3) PVA fiber (kg/m3) SP (L/m3) Cement replacing ratio w/b ratio

1 (GGBS0) 1411 0 282 423 26a 3.6 0.00 0.30
2 (GGBS30) 976 418 279 418 26a 3.0 0.30 0.30
3 (GGBS60) 551 827 276 414 26a 2.4 0.60 0.30
4 (GGBS0a) 1411 0 282 423 8.5b 3.6 0.00 0.30
5 (GGBS30a) 976 418 279 418 8.5b 3.0 0.30 0.30
6 (GGBS60a) 551 827 276 414 8.5b 2.4 0.60 0.30

a The fiber content was fixed at 2% in volume fraction.
b The fiber content was fixed at 0.65% in volume fraction.

Fig. 3. Illustration of (a) dog-bone specimen dimensions and (b) uniaxial tensile test set-up (x ton UTM, loading rate 0.04 mm/min).

Table 3
Mechanical properties of ECC.

Compressive
strength (MPa)

Tensile strength
(MPa)

Tensile
ductility (%)

GGBS0 63.1 ± 3.8 4.25 ± 0.48 1.12 ± 0.36
GGBS30 66.3 ± 3.7 4.40 ± 0.19 1.05 ± 0.07
GGBS60 70.8 ± 1.8 4.88 ± 0.62 1.26 ± 0.28
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an indicator of autogenous healing, as similar method was used by
Yang et al. [17].

TRF of all specimens was measured before healing conditioning
and before the beginning of every conditioning cycle when the
specimens were dry. Specifically, the TRF measurement adopted
the impactmethod suggested by ASTMC215 (Standard Test Method
for Fundamental Transverse, Longitudinal, and Torsional Resonant
Frequency of Concrete Specimens). In this method, the dog-bone
specimen was placed on two roller supports that are 200 mm to
each other; a small hammer was used to vertically strike the
specimen at its end; the vibration was determined with a sensor
placed on the center of the specimen so that the TRF could be
determined with the help of a resonant frequency meter (Controls
58-E0035/C).

The normalized TRF, i.e. the ratio of TRF of pre-cracked specimen
to TRF of uncracked specimens (average of three) with the same
conditioning regime, was calculated and reported. For each com-
bination of slag content and conditioning alkalinity, the TRF of at
least seven specimens (crack width distributed from 0 to 300 mm)
were tested and their normalized TRF were calculated. Uncracked
specimens were included as control group for normalization
because TRF also increased after conditioning due to further hy-
dration of the matrix, the effect of which must be excluded from
true healing-induced TRF recovery.
2.2.5. SEM/EDX
Characterization of the healing products was carried out in

addition to the crack width and TRF measurement. After condi-
tioning, the morphology of healing products in the cracks was
observed with field emission scanning electron microscopy (FE-
SEM, JSM-7600F). Energy-dispersive X-ray spectroscopy (EDX, Ox-
ford X-Max 80 mm2) was used to determine the chemical compo-
sitions of the healing products. All the SEM/EDX samples were
obtained from the internal part of the specimen, about 7 mm from
the specimen surface.

3. Results and discussion

3.1. Crack width reduction

It was observed that crack width reduced with conditioning
cycles as crystal-like substances grew in the crack. In the current
study, the crack width reduction in pre-cracked ECC specimens is
measured and used as a direct assessment of autogenous healing at
different slag content under conditioning regime.

Figs. 4 and 5 show the surface crack width of GGBS0, GGBS0a,
GGBS30, GGBS30a, GGBS60, and GGBS60a specimens before and
after 14 water/dry and NaOH/dry conditioning cycles, respectively.
A 45-degree reference line representing zero-healing (blue dashed
line) was plotted. Data points below the reference line indicate
reduced crack width after healing. A linear trend line (red solid line)
was plotted to fit these data points. As can be seen, for all the three
groups, surface crack width was reduced under water/dry or NaOH/
dry conditioning cycles. While crackwidth reduction on the surface
was measured in all specimens with crack width up to around
300 mm, only very fine cracks (<30 mm) could possibly be
completely sealed.

The crack width reduction ratio, as defined by Equation (1), was



Fig. 4. Crack width of pre-cracked GGBS0/0a, GGBS30/30a, and GGBS60/60a ECC
specimens before and after 14 water/dry conditioning cycles, each point stands for one
crack width measurement location.

Fig. 5. Crack width of pre-cracked GGBS0/0a, GGBS30/30a, and GGBS60/60a ECC
specimens before and after 14 NaOH/dry conditioning cycles, each point stands for one
crack width measurement location.
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calculated for each measured location. In Equation (1), w0 and w
represent the crack width before and after conditioning,
respectively.

Crack width reduction ratioð%Þ ¼ ðw0 �wÞ=w0 (1)

Fig. 6 plots a typical relationship between the crack width
reduction ratio and the original crack width. As can be seen, smaller
cracks show higher efficiency on the crack width reduction. To
quantitatively compare the degree of healing of different ECC
groups (GGBS0, 30, and 60) and under different conditioning re-
gimes (water/dry and NaOH/dry cycles), the crack width reduction
ratio at original crack width of 50, 100, and 200 mm were



Fig. 6. Typical relationship between the crack with reduction ratio and the original
crack width and illustration of determining the crack width reduction ratio at certain
original crack width. The data points were obtained from GGBS0 under water/dry
conditioning cycles, original crack width of 50, 100, 200 mm were selected for current
study.
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determined with a fitted curve as shown in Fig. 6. Fig. 7 shows the
crack width reduction ratio of ECC with different slag content and
under different environmental alkalinity. As can be seen, slag
content greatly affected the reduction of crack width for both
conditioning regimes. Specifically, GGBS0 showed the least crack
width reduction while GGBS30 exhibited the highest potential to
engage autogenous healing. ECC specimens exposed to the water/
dry conditioning regime showed more pronounced crack width
reduction as compared to the NaOH/dry conditioning regime.
3.2. Resonant frequency recovery

Figs. 8 and 9 show the normalized TRF of pre-cracked ECC
specimens before (blue cross) and after (red circle) 14 water/dry or
NaOH/dry conditioning cycles, respectively. As can be seen, pre-
cracking greatly reduced resonant frequency of ECC specimens
(blue cross) and the reduction increased with increasing crack
width, indicating more damage. After conditioning, the resonant
frequency recovered and in some cases even to its original level. In
this study, because of the variation of specimen quality, normalized
TRF recovery to 97% was accounted as complete recovery.

As can be seen in Fig. 8, GGBS30 showed the highest potential to
Fig. 7. The effect of original crack width, slag content, and conditioning alkalinity on
the crack width reduction ratio determined from Fig. 6.

Fig. 8. Normalized transverse resonant frequency (TRF) as a function of crack width
before and after 14 water/dry conditioning cycles; each pair of cross and dot stands for
one specimen, the crack width was determined by taking the average of all the
measured locations.
obtain healing in terms of TRF recovery as compared to GGBS0 and
GGBS60. It was observed that under water/dry conditioning envi-
ronment, GGBS30 allowed complete recovery of TRF as long as the
crack width is less than around 90 mm while the maximum
allowable crack width for GGBS60 and GGBS0 were around 60 mm
and 40 mm, respectively. In Fig. 9, under NaOH/dry conditioning,
GGBS30 again showed the most significant TRF recovery with a



Fig. 9. Normalized transverse resonant frequency (TRF) as a function of crack width
before and after 14 NaOH/dry conditioning cycles; each pair of cross and dot stands for
one specimen, the crack width was determined by taking the average of all the
measured locations.

Fig. 10. Positive correlation between the normalized TRF recovery and the crack width
reduction ratio.
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maximum allowable crack width around 80 mm while that for
GGBS60 and GGBS0 were both around 40 mm.

The relationship between normalized TRF recovery and crack
width reduction ratio was plotted in Fig. 10 to understand the
mechanical recovery of partially healed specimens. In Fig. 10, each
data point was obtained with one specimen and the specimens
with complete TRF recovery were not included. A trend can be seen
that the TRF recovery increases with the crack width reduction
ratio. This suggests the two evaluation methods have certain pos-
itive correlation.

3.3. SEM and EDX

Fig.11a shows the SEM image of a healed crack and Fig.11b and c
illustrates the typical morphology of the healing products. It can be
seen that healing products, distinct from the matrix, grew in the
crack and almost fill the 100 mm gap. The healing products are
composed of irregularly precipitated crystal-like particles. While
the large particles (�10 mm, Fig. 11a) fill the major portion of the
gap, smaller particles (�10 mm, Fig. 11b) can be found in the void
between the large particles and crack surface. In Fig. 11c it is seen
that the crystal-like particles grow from very small precipitates,
several hundreds of nanometers in size. It is also observed that
healing products precipitate on the PVA fiber as shown in Fig. 12.
Fiber bridging might very likely facilitate the precipitation of
healing products and promotes healing in ECC [38].

The chemical compositions of the healing products were deter-
mined with EDX for ECC samples at different slag content for
different conditioning regimes. At least three locations were
analyzed for each group and the average values are reported in
Table 4. As can be seen, the healing products aremainly composed of
calcium, silicon, and carbon which suggests the presence of CaCO3
and/or CeSeH as the main healing products as reported in many
other studies [17,32,38,39]. A much lower Ca/Si ratio (1.21e3.81) of
the healing products was observed for samples subjected to the
NaOH/dry cycles. It is known that the Ca/Si ratio of CeSeH is around
2.0 [36,40]. This indicates that a mixture of CeSeH from continued
hydration and CaCO3 from carbonation is the major healing prod-
ucts in samples subjected to the NaOH/dry cycles. The Ca/Si ratio of
the healing products for the samples subjected to the water/dry
cycles; however, is much higher in the range of 5.63e7.18. This
suggests that CaCO3 from carbonation are the dominant healing
product in samples subjected to water/dry cycles.

3.4. Discussion

Preceding sections show that slag content greatly affects the



Fig. 11. (a) A healed crack in GGBS30 specimen subjected to 14 water/dry conditioning cycles; (b) and (c) Typical morphology of the healing products at 2000 � and
10,000 � magnification, respectively.

Fig. 12. Self-healing products precipitated on PVA fiber.
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autogenous healing of ECC. Compared with GGBS0 and GGBS60,
GGBS30 exhibits the most crack width reduction (Fig. 6) and
Table 4
Elementary compositions (by mass) of self-healing products.

Element Water/dry cycle

GGBS0/0a GGBS30/30a GGBS60/60

Calcium 21.19% 36.67% 34.48%
Silicon 3.41% 5.64% 6.06%
Carbon 14.10% 14.80% 9.84%
Oxygen 55.05% 39.01% 45.81%
Others 6.26% 3.89% 3.81%
Ca/Si 7.18 6.45 5.63
resonant frequency recovery (Figs. 8 and 9). The precipitation of
CaCO3 highly depends on the amount of free Ca2þ ions leached out
from thematrix in thewet conditioning. Leachability of calcium ion
is related to the concentration of the Ca2þ ions in the pore solution
in matrix, where Ca(OH)2 is dissolved [30]. The concentration of
Ca2þ ions in the pore solution depends on two important factors: 1)
the amount of Ca(OH)2 available in matrix and 2) the alkalinity of
the pore solution. Previous study on hydration of slag-blended
cement indicated that replacing cement with slag consumes
Ca(OH)2 and lowers the pH of the pore solution [30]. While GGBS30
may have a lower Ca(OH)2 content in the matrix compared to
GGBS0, the lower pH in the pore solution of GGBS30 greatly pro-
motes the dissolution of Ca(OH)2 [41], resulting in higher overall
free Ca2þ concentration in the pore solution of GGBS30. At higher
GGBS content, i.e. GGBS60, less Ca(OH)2 is produced from cement
hydration and most of the Ca(OH)2 is consumed by slag [42].
Therefore, less free Ca2þ is available in the pore solution of GGBS60
compared with GGBS30.

As discussed above, CaCO3 is the dominant healing product for
samples subjected to the water/dry cycle while a mixture of CaCO3

and CeSeH represents the major healing products for samples
subjected to the NaOH/dry cycle. NaOH/dry conditioning indeed
promotes slag hydration as more CeSeH was identified in the
NaOH/dry cycle

a GGBS0/0a GGBS30/30a GGBS60/60a

26.29% 20.24% 18.97%
7.09% 8.59% 18.13%
10.15% 14.88% 7.52%
45.79% 46.99% 48.96%
10.68% 9.30% 6.42%
3.81 2.39 1.21
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healing products as shown in Table 4. However, the general
observation concluded that specimens subjected to the water/dry
cycles showmore pronounced healing than specimens subjected to
the NaOH/dry cycles. This implies that NaOH/dry conditioning
regime, while encouraging slag hydration, may suppress the for-
mation of CaCO3 precipitates in cracks as healing products. This
may be attributed to the fact that the insolubility of CaCO3 peaks at
pH of 9.8 [5] and therefore the increased alkalinity under NaOH
conditioning (pH ¼ 13) suppresses CaCO3 precipitation in cracks.
Based on the results on crack width reduction (Fig. 6), autogenous
healing through CaCO3 precipitation by carbonation (specimens
subjected to water/dry cycles) is more effective than that through
the formation of CeSeH by alkali-activated slag hydration (speci-
mens subjected to NaOH/dry cycles) in slag-based ECC.

As pointed out in the introduction, the autogenous healing of
ECC is governed by a coupled effect of physical properties, chem-
ical compositions, and environmental conditions. In current study,
the experimental results quantified TRF recovery through a wide
range of crack width for different slag contents, which decoupled
the effects of physical properties (crack width) from the chemical
compositions (slag content). Such decoupled effects are illustrated
in Fig. 13, which shows the maximum allowable crack width to
engage complete healing at different slag content. Based on the
current results with water/dry conditioning cycles and the result
from Qian et al. [32] where ECC experienced similar water/dry
cycles, a fitted line was drawn to illustrate this coupled effect of
crack width and slag content on the autogenous healing of ECC.
The fitted envelope can be used to predict the healing efficiency of
slag-based ECC under water/dry conditioning, i.e. at given slag
content, if the crack width, either from mechanical loading or
restrained shrinkage, is under the envelope, complete autogenous
healing is expected, otherwise only partial or even no healing
would happen.

Previous studies have shown that the mechanical performance
of ECC is highly tailorable and the crack width can be predicted
with a micromechanics-based model [43]. As a result, the concept
in Fig. 13, i.e. predicting the healing efficiency with physical prop-
erties (crack width) and chemical compositions (slag content), can
be extended to a practical design chart if more data points are
added to form an envelope with higher reliability. In a complete
design chart, different envelopes will be drawn for different envi-
ronmental conditionings.
Fig. 13. Autogenous healing of slag-based ECC as a function of crack width and slag
content. The data points were drawn based on the current results with water/dry
cycles and Qian et al.'s work [32], where ECC experienced similar water/dry cycles.
4. Conclusions

This paper studied the effects of slag content, crack width, and
conditioning alkalinity on the autogenous healing behavior of slag-
based ECC. Single-cracked ECC specimens with three different slag
contents (cement replacement ratio at 0%, 30%, and 60%) and crack
width up to 300 mm were conditioned under water/dry or
NaOH(pH ¼ 13)/dry cycles. The healing performance was evaluated
based on crack width reduction, resonant frequency recovery, and
SEM/EDX analysis. Following conclusions can be made in current
study.

� ECC autogenous healing is determined by a coupled effect of
physical properties (crack width), chemical compositions (slag
content), and environmental conditions (conditioning alka-
linity). At a given slag content and certain alkalinity, there exists
a maximum allowable crack width for complete healing, beyond
which only partial or no healing would happen.

� The addition of slag up to 30% enables complete healing of larger
crack (86 mm and 80 mm for water/dry and NaOH/dry condi-
tioning cycles). After that, the maximum allowable crack width
to engage complete healing reduces with slag content. Water/
dray cycles caused more crack width reduction compared to
NaOH/dry cycles. Optimum slag addition, smaller crack width
and water/dry conditioning cycle favor self-healing in ECC.

� CaCO3 is the dominant healing products for samples subjected
to the water/dry cycle while a mixture of CaCO3 and CeSeH
represents the major healing products for samples subjected to
the NaOH/dry cycle.

� NaOH/dry conditioning promotes slag hydration but suppresses
the formation of CaCO3 precipitates in cracks as healing prod-
ucts. CaCO3 precipitation through carbonation is a more effec-
tive mean to engage self-healing than the formation of CeSeH
through alkali-activated slag hydration.

� In the future, a complete design chart for ECC autogenous
healing should consider the coupled effect completely, i.e.
including the effect of physical properties, chemical composi-
tions, and environmental conditions, as the concept illustrated
in this paper.
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