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Effects of superabsorbent polymer particles
on flexural properties and self-healing behavior of ECC
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Abstract: In order to improve the self-healing behavior and the
recovery of mechanical properties of engineered cementitious
composites ( ECC ), the approach of incorporating
superabsorbent polymer ( SAP) in mixtures is investigated.
The rapid water penetration test and four-point bending test
were conducted to evaluate the effects of self-healing on the
water permeability and mechanical properties of pre-damaged
ECC. The self-healing process and self-healing products were
observed by the environment scanning electron microscope
(ESEM) and energy dispersive X-ray spectroscopy ( EDS).
The experimental results show that all ECC mixtures exhibit
excellent flexural capacity, meanwhile maintaining a crack
width below 50 wm. The incorporation of SAP particles in
ECC can apparently improve the mechanical recovery of ECC
mixtures after 10 healing curing cycles,
deformation and flexural stiffness. The flexural stiffness of
ECC containing 4% SAP particles after self-healing can be
recovered to 80% . The self-healing test results show that
when the water permeability of ECC mixtures incorporating
SAP particles is close to zero, only three healing cycles are
needed. When ECC incorporating more SAP particles, the
accelerated self-healing process can be finished in the first three
cycles, and self-healing product is mixed Ca( OH),/CaCO, with
CaCO, being a major component in the later stage. It is,
therefore, feasible to produce ECC materials incorporating SAP
particles, while simultaneously maintaining higher material
ductility and self-healing behavior.
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such as flexural

he self-healing phenomenon in cement concrete was
first observed from a bridge in the 18th century in
Amsterdam'". In the past decades, many researchers
conducted much work on the self-healing behavior of ce-
ment materials'*™®

the formation of self-healing products filled in cracks. On

. There are two mechanisms to promote
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one hand, under high humidity conditions, the continued
hydration of unhydrated cement and the second reaction
of fly ash at crack surface contribute to produce new heal-
ing products, thus sealing the crack space'”. On the oth-
er hand, when the crack space is filled fully by water, the
ions of Ca’* from the inside of the concrete will react
with water and CO, from air, leading to the precipitation
of calcium carbonate (CaCO,), resulting in the blocking
of cracks'"" .

Although the continued reaction of cementitious materi-
als and precipitation of CaCO, are likely to contribute to
the formation of healing products, its quantity is limited.
Previous studies showed that a crack in concrete can be
sealed completely when the crack width is less than 50
pm" " Some researchers even suggested that the crack
width should be maintained below 30 pum for better heal-
ing""™""". Moreover, most areas of China are dry and a
little rainy. Thus, the lack of water is not helpful for self-
healing behavior. To attain its self-healing potential, it
calls for the cementitious materials featuring a good crack
width control capacity and automatic water absorption ca-
pacity.

Engineered cementitious composite (ECC) was devel-
oped based on the micromechanic design theory by Li in
1990s, featuring a high tensile strain capacity of 3% to
5% (300 to 500 times that of normal concrete), possess-
ing the self-control of crack open width within micrometer
level (typically below 60 pum)'?. With the above char-
acteristics, ECC is expected to have a better self-healing
capacity after cracking.

Qian et al. "' studied the recovery of ECC bending ca-
pacity, showing that the bending capacity of pre-cracked
ECC submerged in water can recover 65% to 105% com-
pared to virgin specimens. Yang et al.!” studied the
effect of wet-dry cycles on the self-healing of ECC, indi-
cating that the initial resonant frequency value of pre-
cracked ECC can recover from 76% to 100% and the ten-
sile strain capacity can also recover from 0.8% to 3.1%
under self-healing cycles. Snoeck et al. "' analyzed the
visualization of water penetration in the cracks of concrete
by means of self-healing, and a regain of 50% in me-
chanical properties was achieved. Without water, cracks
in ECC will not show self-healing. Therefore, this paper
considers adding superabsorbent polymers ( SAPs) into
ECC to improve the self-healing capacity.
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SAP is a type of water-retain material, which can ab-
sorb much water from the surrounding environment up to
11 Generally, SAP
particles were used for reducing shrinkage and internal cu-
ring, which benefited the increase of strength during the
later stage. Yao et al.""” found that ECC incorporating
SAP particles could enhance its deformability, meanwhile

500 times that of its own weight'

reducing the shrinkage. Craeye et al. """ studied SAP par-
ticles as an internal curing agent, showing that by absorb-
ing water from the surroundings, the release of water
from SAP particles is available for healing, and SAP par-
ticles are helpful for the internal healing of a crack.

In this paper, the effects of incorporating SAP particles
in ECC on its flexural properties and self-healing behavior
are investigated. Three different SAP dosages in ECC are
adopted to evaluate the differences in mechanical proper-
ties by compressive strength tests and four-point bending
tests. The cracked ECC’s self-healing behavior under
three different curing conditions (95% RH/room air cy-
cle, exposed in air and high relative humidity) are inves-
tigated via water flow tests and bending mechanical
properties’ recovery. The flexural properties include flex-
ural strength, flexural deformation and flexural stiffness.

1 Experimental Programs
1.1 Materials and mixture proportions

In this study, the raw material includes cement, fly
ash, silica sand with particles passing seizes between 70"
and 140%, water, polyvinyl-alcohol (PVA) fibers, SAP
particles with a size of 550 pm, and a polycarboxylate-
based high range water reducer (HRWR). The content of
SAP particles in ECC mixtures is 2% and 4% by weight
of cement. PVA fiber supplied by Kuraray Company was
added, whose length and oil coating by weight are 12 mm
and 1.2% , respectively. The mechanical and geometrical
properties of PVA fibers are shown in Tab. 1.

Tab.1 Properties of PVA fiber

Length/ Diameter/
mm pm
12 39

Tensile Young’s Density/ Elongation/
strength/MPa modulus/GPa (g - cm ~3) %

1620 42.8 1.2 7

To investigate the influence of self-healing on the me-
chanical property of ECC incorporating SAP particles, four
ECC mixtures with a constant water to binder ratio (W/B)
of 0. 25 and fly ash to cement ratio (FA/C) of 1.5 are
adopted in this study. The mix proportion of different
ECC:s is listed in Tab.2. The variable parameters in ECC
are the content of SAP particles (2% and 4% ). For this
purpose, the control ECC mixture was produced first.

1.2 Specimen preparation and experimental tests

All ECC mixtures were mixed in a standard mixer. All
solid ingredients including cement, fly ash, sand and SAP
particles were first mixed for 2 min thoroughly. Water

Tab.2 Mix proportion of ECC mixtures kg/m’

Mixture Cement FA Sand Water SAP HRWR Fiber W/B
ECCl 509 763 462 311 0 10 26 0.25
ECC2 509 763 462 311 10.2 10 26 0.25
ECC3 509 763 462 311 20.4 10 26 0.25

and HRWR were then added and mixed for another
2 min. PVA fibers were added at a low speed, followed
by high speed mixing until all fibers were uniformly dis-
tributed. All ECC specimens were demolded after 24 h,
and cured in a standard curing room where the tempera-
ture and relative humidity (RH) were (20 +2) C and
(90 £5) % until testing ages.

To investigate the self-healing behavior in ECC, three
different exposure curing conditions were used in this
study, as shown in the following .

1) CRI (95% RH/room air cycle) ; Pre-cracked ECC
specimens were stored under a 95% RH curing condition at
20 C for 24 h, and then cured in room air at (20 +1) C,
(50 £5) % for 24h. The cycle then repeats itself until a
pre-determined testing age.

2) CR2 (95% RH) : Pre-cracked ECC specimens were
stored under a 95% RH curing condition at 20 C for 48 h.

3) CR3 (room air) ; Pre-cracked ECC specimens were
exposed to room air conditions at (20 + 1), (50 =
5)% for 48 h.

To study the healing efficiency in ECC, the water flow
test was used in this study. Four specimens with a diame-
ter of 100 mm and a height of 20 mm were prepared in
this test. The initial crack was produced by the splitting
test at the age of 7 d (see Fig. 1). All specimens were
cured in CR1 and CR2. The rapid penetration setup is
shown in Fig.2. The permeability of each specimen was
measured by the rapid penetration test for every healing
cycle. In this test, the weight of water permeating via
pre-cracked specimen was measured.

To study the effect of self-healing on the flexural prop-
erties of ECC, the four-point bending test ( FPBT) was

(-

Fig.1 ECC specimen pre-cracked by the splitting test
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Fig.2 Rapid penetration test instrument

adopted. FPBT was performed on a universal testing ma-
chine (UTM) under displacement control at a loading
rate of 1.0 mm/min. The span length of FPBT setup was
300 mm (see Fig.3). The dimension of specimens was
400 mm x70 mm x 10 mm. All bending specimens were
pre-loaded up to a deflection of 3, 6 and 9 mm, respec-
tively, at the age of 28 d. Then, these pre-cracked speci-
mens were cured for ten curing cycles (CR1, CR2 and
CR3). With the continuous hydration of matrix, the flex-
ural properties were enhanced. Finally, to evaluate the
healing effect on the residual mechanical properties of
ECC after self-healing, all pre-cracked specimens were
reloaded under FPBT.

[ ]
<20 Z.S 100 , 100 ) 100 Z.}' 50

Fig.3 The setup of four-point bending test (unit; mm)

ESEM and DES tests were used to study the change of
a crack in the self-healing process of ECC and observe the
chemical components of the healing product. After being
preloaded at the age of 7 d, bending specimens containing
a crack width of 30 wm were cut into 5 mm x5 mm x5
mm cubic samples. In these tests, three different points
were analyzed by EDS for each sample.

2 Results and Discussion
2.1 Mechanical properties of ECC

The compressive strength of ECC specimens with dif-
ferent SAP contents at 7, 28 and 90 d, respectively, is
displayed in Tab. 3. Four 75 mm x 75 mm x 75 mm cube
specimens were used to obtain the average results. From
Tab. 3, as expected, the compressive strength of ECC
specimens at 28 d decreases by about 13% as the SAP
content increases from 0% to 4% . However, the com-
pressive strength of ECC with 4% SAP at 28 d is still
greater than 40 MPa, satisfying the demand for many in-
frastructure constructions. The compressive strength of
ECC specimens incorporating SAP particles is lower than
those of one control ECC specimen ( ECCI1). With the

increase of SAP content, the compressive strength of ECC
mixtures can be further decreased. For example, the com-
pressive strength of ECC2 and ECC3 at 28 d reduces by
5% and 13% , respectively, compared to ECC1 at 28 d.

Tab.3 Compressive strength of ECC specimens MPa

Compressive strength

Mixture

7d 28 d 90 d
ECC1 27.8 52.4 60.1
ECC2 22.1 49.7 56.9
ECC3 18.5 45.7 53.3

The typical flexural stress-displacement curves of dif-
ferent ECC at 28 d are given in Fig. 4. Fig. 4 shows the
effect of SAP particles on the flexural behavior of all,
ECC specimens. The typical flexural behavior of coupon
specimens after FPBT is shown in Fig. 5. As seen from
Fig.5(a), similar to ductile metal plates, ECC speci-
mens have a better plastic deformation. As shown in Fig.
4, SAP particles can reduce the flexural strength of ECC
mixtures. Meanwhile, flexural deformation, which can
reflect the ductility and toughness of the ECC material ,
strongly depends on the SAP content. The flexural de-
formation of ECC at peak load increases from 21.7 mm
to 26.2 mm, with the SAP content changing from 0% to
4% . Compared to ECCl, the flexural deformation of
ECC2 and ECC3 increases by 11% and 21% , respective-
ly. Fracture energy and first cracking energy are evalua-
ted by corresponding integral areas under the stress-dis-
placement curve of ECC. A toughness index calculated
by fracture energy and first cracking energy indicates the
ECC strain-hardening degree. As listed in Tab. 4, SAPs
can improve the toughness index of ECC. Compared with
ECC1, the toughness index of ECC2 and ECC3 increases
by 23% and 66% , respectively. The above results indi-
cate that SAP particles can act as artificial flaws to lead
cracks to occur easily in the ECC matrix and help the
ECC to realize pseudo strain-hardening performance'"”".

It can be seen from Tab. 4 that the average crack width
decreases in different degrees as the SAP content increa-
ses. Meanwhile, compared to ECCI1, the number of cracks
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Fig.4 Typical flexural strength-displacement curves for differ-
ent ECC
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Fig.5 Response of coupon specimens after FPBT. (a) Bended
specimen; (b) Multiple cracks

Tab.4 Mechanical properties of ECC mixtures at 28 d

Mechanical properties ECC1 ECC2 ECC3
Flexural strength/MPa 14.4 12.5 11.4
Deformation/mm 21.7 24.1 26.2
First cracking energy/J 0.114 0.097 0.080
Fracture energy/J 4.4 4.7 5.2
Toughness index 39 48 65
Flexural stiffness/ (MPa + mm ') 14.5 12.9 9.5

Min 10 10 10
Crack width/pm Max 80 70 70
Ave 49 42 35
Number of cracks 52 64 82
Crack spacing/mm 2.9 1.4 0.9

in ECC2 and ECC3 shows an apparent increase. Accord-
ing to Refs. [6, 16 —17 ], a smaller crack width in ECC
can promote self-healing behavior and recover some of
the mechanical properties.

2.2 Decrease of water permeability by self-healing

The change of water permeability with the number of
curing cycles is shown in Fig. 6. The relative permeabili-
ty values on the y-axis represent the weight percentage of
the permeated water from the cracks of the specimen after
self-healing. The relative permeability is 1, indicating
that the pre-cracked specimen has undergone no healing.

As seen from Fig. 6 (a), the relative permeability of
specimens under CR1 was faster than that of CR2 ap-
proaching 0. It can be summarized that high/low relative
humidity curing regimes may be more advantageous to
crack self-healing.

As seen from Fig. 6 (b), the water permeability de-
crease rate of ECC2 and ECC3 is faster than that of
ECC1, with ECC3 being the fastest of all mixtures. It
can be explained by the crack width of ECC3 being smal-
ler than that of ECC1, which contributes to self-healing.
Moreover, higher swollen SAP content can seal the crack
and release water to achieve self-healing.

2.3 Recovery of mechanical properties by self-healing

The flexural strength of mixtures ECC1, ECC2 and

e L - =
o »®» o
|

o
~

Relative permeability

0 i 6 s 1
Number of cycles

(a)

e
o

=
~

Relative permeability
[=]
(=)

<
o

0 2 4 6 8 10
Number of cycles
(b)
Fig. 6  Changes of water permeability with number of environ-
mental conditioning cycles. (a) ECCI1 for different exposure re-
gimes; (b) Different ECC mixtures under CR1

ECC3 under different curing conditions and pre-loading
displacements is compared in Fig. 7. It should be noted
that the variations of the flexural strength of ECCI is very
small, whereas that of mixtures containing SAP particles
has a great fluctuation for different curing conditions and
pre-loading displacements. The flexural strength of ECC2
and ECC3 from CR1 and CR2 curing is larger than that of
the reference (no pre-cracked ) for the preloading dis-
placement of 3, 6 and 9 mm, due to the continuous hy-
dration of unhydrated cementitious material with the help
of SAP particles.

The effect of self-healing can also be seen from the lev-
el of flexural stiffness retained after CR1, CR2 and CR3
curing compared with the reference sample, as shown in
Fig. 8. The flexural stiffness is defined as the scant of the
initial slope of the flexural strength-displacement curve
when the flexural strength is between 1 and 5 MPa. The
flexural stiffness of ECC1 in CR3 indicates the stiffness of
the relatively soft bridging fibers. As seen from Fig. 8
(a), all relative stiffness values in CR1 and CR2 are lar-
ger than those in CR3 due to self-healing under these con-
ditions, but the degree of recovery is relatively low.

Figs.8(b) and (c) show the relative flexural stiffness
of healed ECC2 and ECC3 specimens to the reference
specimens ( no pre-cracked). As seen from Figs. 8 (b)
and (c¢), the level of relative flexural stiffness retained
after CR1, CR2 and CR3 increases with the content of



Effects of superabsorbent polymer particles on flexural properties and self-healing behavior of ECC 99

181

Reference
l6r CR1
CR2
By Mp B CR3

Flexural strength/M

6
Pre-load displacement/mm

(a)
18
Reference
16 & CRI
14+ CR2

B8 CR3

W

$\\\\\\\\\\\\\\\\\%

Flexural strength/MPa
S

N\

Flexural strength/MPa

SN A
T T T

Pre-load displacement/mm
(¢)

Comparison of flexural strength of the mixture for dif-

Fig.7
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SAP particles in ECC mixtures due to the presence of
SAPs in cementitious materials for continuous hydration.
It may be also explained that SAPs manage to take mois-
ture out of a humid environment and provide it to the
cemetitious matrix for crack self-healing. The flexural
stiffness in CR1 curing is much higher compared with that
in CR2 and CR3 curing . This curing condition can effec-
tively help SAPs promote the interaction of water, CO,
and remaining unhydrated cement particles in ECC mate-
rials (including matrix and fiber-matrix interface) , there-
fore resulting in the best recovery of flexural stiffness.
Moreover, the greater the content of SAP particles, the
better the recovery from flexural stiffness. The general
trend shows that specimens containing a higher SAPs con-
tent, with lower pre-load levels, tend to have higher flex-
ural stiffness recovery. This is because a larger number of
cracks and greater crack width at higher pre-load levels
can lead to reduction of flexural stiffness recovery.
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Fig. 8

The influence of pre-loading times on self-healing for
the mechanical properties of ECC is shown in Tab.5 and
Fig.9. Tab.5 presents four-point flexural test results after
ten self-healing cycles from specimens subjected to pre-
loaded deformation of 3, 6 and 9 mm, respectively, at
the age of 7 and 28 d. It can be seen from Fig. 9 that no
Similar to Ref.
[19], the results in CR3 were considered as no self-heal-
ing. As seen from Tab. 5, self-healing behavior has a
slight effect on the flexural strength of ECC when pre-
loaded at 7 d. However, when pre-loaded at 28 d, the
flexural strength of specimens containing 4% content of
SAPs (ECC3) after self-healing is larger than the case
without healing.

The deflection ( deformation) capacity is a major con-
cern for ECC material since its structural applications
mainly require high ductility. Fig.9 shows the influence
of different pre-loading time and pre-loading levels on the
normalized deflection capacity of different mixtures. The

apparent self-healing occurs in CR3.
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normalized deflection capacity is defined as the percent-
age of the displacement of the healed or non-healed speci-
mens to that of reference case (no pre-cracked). As seen
from Fig. 9 (a), when pre-loaded at 7 d, the remaining
deflection capacity of pre-loaded ECCI1 specimens ( with-
out SAPs) after self-healing and non-self-healing are only
about 52% to 74% and 27% to 71% , respectively. A
similar deflection capacity is retained in the ECC1 speci-
mens when pre-loaded at 28 d, which may be related to a
larger proportion of elastic fiber stretch within the pre-
loading deformation since fiber/matrix interface microme-
chanical performance is enhanced with age, or there is
not enough self-healing products inside the crack after
self-healing. These results indicate that the ECC speci-
mens without SAPs cannot achieve complete self-healing.

Figs.9 (b) and (c) show the comparison of the nor-
malized deflection capacity of mixture ECC2 and ECC3
for different pre-loading times and pre-loading levels. As

Tab.5 Flexural properties of ECC specimens with different
pre-loading times

Flexural Flexural
Pre- Pre-loading strength/MPa  displacement/ mm
Mixture loading .
. deflection/mm  Self- No self- Self- No self-
time/d
healing healing healing healing
3 11.0 10.0 14.3 6.2
7 6 12.1 7.8 12.1 11.7
9 11.1 8.0 17.1 16.5
ECC1
3 10.6 10.2 11.6 .8
28 6 10.2 8.9 15.9 .5
9 10.5 9.8 15.7 .2
3 11.8 9.5 26.4 10.1
7 6 13.3 9.3 22.8 8.0
9 10.0 8.2 14.6 8.1
ECC2
3 12.1 9.6 20.0 9.5
28 6 11.4 8.3 21.9 7.7
9 11.6 11.2 24.4 13.4
3 12.3 9.0 27.4 18.3
7 6 12.9 8.5 26.4 17.2
9 14.6 8.2 25.1 17.9
ECC3
3 13.4  12.5 27.5 20.0
28 6 13.3  11.8 25.4 17.1
9 12.6 12.2 23.9 13.8

seen from Figs.9 (b) and (c¢), a larger deflection capac-
ity is retained in the specimens with SAPs after self-heal-
ing when pre-loaded at 7 and 28 d compared with ECC1
specimens ( without SAPs). It may be explained that
SAPs can absorb fluids from the surroundings and swell
and block cracks, which contributes to the internal heal-
ing/curing. Meanwhile, increasing the content of SAPs
can enhance healing due to more internal curing. Ma et
al. '’ found that the deflection capacity recovered best af-
ter self-healing at 7 d and it was minimal when pre-loaded
at 28 d. However, it can be seen from Fig. 9 that the
samples containing higher content SAPs after self-healing
when pre-loaded at 7 and 28 d can both reach about 93 %
to 102% and 91% to 105% of the deflection capacity of
the reference samples. The recovery level is significantly
higher than that of ECCI1 in Fig.9(a). These results in-
dicate that good self-healing behavior of ECC materials
has been achieved at an early age, thus improving the du-
rability of concrete.

Fig. 10 shows the normalized stiffness of healed/non-
healed ECC specimens with respect to that of the refer-
ence case (condition A) for different pre-loading times.
As seen from these figures, the stiffness of pre-loaded
specimens without self-healing is always smaller than that
of the healed ones, but the gap decreases with the in-
crease of pre-cracking level. Furthermore, Fig. 10 shows
that there are stable increase stiffness gains when compa-
ring healed and non-healed specimens with the increase of
the content of SAPs. In comparison, due to crack self-
healing by the release of water from SAP particles, a
significant recovery of stiffness has been accomplished in
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ECC3 specimens, which were pre-loaded at 7 d and then
cured in CR1 for 10 cycles. In the case of pre-loading to
the deformation of 3, 6 and 9 mm, the stiffness of ECC3
can also recover 80% . When pre-loading to the deforma-
tion of 3 mm at 28 d, the flexural stiffness recovery level
is 60% , beyond the case of specimens without SAPs.

2.4 Microstructure of self-healed ECC

From Fig. 11, it can be clearly seen that a large num-
ber of self-healing products displays along crack lines. As
seen in Fig.12(b), an abundant of stone-like healed
products were filled in all cracks of ECC1 after 3 cycles.
Especially in ECC3, more self-healing products were pre-
cipitated in cracks, and the cracks were almost healed
completely (see Fig.12(e) ). However, this completely
healed phenomenon occurring in ECCI needs ten curing

cycles. The microscopical observations indicate that self-
healing of ECC mainly occurs in the first three CR1 cy-
cles, in which the cracks can be healed up to about 80%
even 100% . All indications show that SAP particles can
accelerate the self-healing of ECC materials.

= oo S ok e e e e

Fig. 11  Self-healing of crack-damaged ECC after ten cycles
under CR1

Fig. 13 and Tab. 6 show the ESEM close-up view and
EDS analysis results of products in the self-healed cracks
of ECC specimens. Based on Tab. 6, the mass ratio of Ca
to Si increases rapidly with the increase of self-healing cy-
cles. It can be explained that the C-S-H is the main heal-
ing product due to its continuous hydration. The change of
mass ratio of O to Ca and C to Ca indicates that the CaCO,
content increases in the healed products of cracks.

3 Conclusions

1) Incorporating SAP particles as pre-existing flaws
can improve the flexural deformation capacity of ECC
specimens. The flexural deformation of specimens in
ECC2 and ECC3 at 28 d increases by 11% and 21% , re-
spectively, compared to ECCI. Meanwhile, SAP parti-
cles reduce the crack width of ECC specimens, which can
improve the durability of ECC.

2) The water permeability of pre-cracked specimens
decreases rapidly after 3 or 4 cycles due to self-healing.
Compared with ECC1, faster self-healing behaviors were
observed in the specimens of ECC3 cured in high/low hu-
midity cycles, because swollen SAP particles release wa-
ter and help the formation of CaCO, with abundant availa-
bility of CO, in the air.

3) Different degrees of recovery of mechanical proper-
ties due to self-healing were found in this study, inclu-
ding flexural strength, flexural stiffness and deformation
capacity. Similar to water permeability, a better recovery
of mechanical properties after self-healing was achieved
when the SAP content was 4% (ECC3). The lower pre-
damaged level it makes, the better mechanical recovery it
achieves.

4) The self-healing process of ECC mainly occurs in first
three CR1 cycles, and the self-healing product is a mixed
Ca(OH),/CaCO,, with CaCO, being a major component at
a later age due to the participation of CO, in the air.
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Fig.12  Microscopical observation of self-healing process for ECC with 30 wm crack width. (a) 0 cycle of ECC1; (b) 3 cycles of
ECCI; (c¢) 10 cycles of ECCl; (d) 0 cycle of ECC3; (e) 3 cycles of ECC3
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Fig.13  ESEM micrograph and EDS analysis of self-healing products for ECC. (a) ESEM; (b) EDS

Tab.6 EDS analysis results for self-healing products of ECC

. . Atom percent/ % Weight ratio Weight ratio Weight ratio
Mixt Self-heal 1
e cli-hedling cycles C 0 Si Ca of Ca to Si of O to Ca of C to Ca
0 37 41 9 8 0.9 5.1 4.6
ECC1 3 28 50 2 19 9.5 2.6 1.5
10 34 48 0.5 17 34 2.8 2.0
0 32 46 8 9 1.1 5.1 3.6
ECC2 3 23 46 1 29 29 1.6 0.8
10 29 46 0.4 24 60 1.9 1.2
0 27 49 12 9 0.7 5.4 3.0
ECC3
3 30 50 2 17 8.5 2.9 1.8
[2] Edvardsen C. Water permeability and autogenous healing
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SRR EREEXKEEE GMEIS i B AEIT AR
A i S
(RARFEFR, & 210096)

WE: AT RS IERREALSMA(ECC) &y AT H e ) F W AR, ¥ & BRI (SAP) 2 F H

B RASmP. RAREREERE AW ETHRXEART A /HW\XT 25k 4R ECC X 44+ é‘leK P Ao ) S
ey Ha AR AR X FERESTART ECCHa0oIBRARES Y. FREREN:

P A ECC X434 B RAF Y 5 w4k, B i i sk e 45 5L 48 58 2 £ 50 um uT it 10 /\fz#m}%%ﬁ X

H SAP & ECC M4 h F AR T HE BT HMEFEARRE;554H 4% SAP #) ECC X 4+,

;Et*% WML B EAJE T WA E 80% . i, A AKX %;u'.ﬂ?'?ﬁ:’f’?‘ﬁu SAP &5 ECC RA+, % %

FEMAEIEA O B ANE R ANEASERIRY ;% ECC X445 mF % SAP Bk, £ A &4 A2 sk ik 2 5k 3

NBIRA Z R BAA Z 44 Ca(OH), Fv CaCO, 49 %44, B Js vk CaCO, h £ % = 4. FF 5 & . A A

SAP ##H4] & &tk & B 449 ECC Z T4T4Y.
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