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Composite Materials

by Li-Li Kan, Hui-Sheng Shi, Aaron R. Sakulich, and Victor C. Li

This research investigates the self-healing behavior of engineered
cementitious composite (ECC) materials. Crack characteristics,
resonant frequency (RF) recovery, and the effect of wet-dry
conditioning cycles were studied. Characterization of the self-
healing products in ECC materials was carried out with an
environmental scanning electron microscope-energy dispersive
spectroscopy system (ESEM-EDS), transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), and X-ray
diffraction (XRD). According to the experimental results, wet-dry
conditioning cycles aid self-healing, most of which occurs before
four to five cycles. The products of self-healing were identified as
mainly C-S-H and calcite. These products almost completely
bridge cracks less than 50um wide. Overall, the self-controlled
tight crack width (CW) of ECC materials tailored for high-tensile
ductility encourages robust self-healing behavior in both young
and mature (3- and 90-day-old) ECC specimens, respectively.

Keywords: engineered cementitious composites; resonant frequency; self-
healing; self-healing process and product.

INTRODUCTION

Cracks are inevitable during the life of a concrete structure.
Cracks can be caused by loading, volumetric change due to high
temperatures, creep, plastic settlement, shrinkage, or deterioration
mechanisms such as alkali-silicate reaction and freezing-and-
thawing cycles Cracks lower the durability of concrete
structures by creating preferential paths for the penetration
of potentially aggressive agents that may attack either the
concrete itself or the reinforcing steel. The presence of cracks
may also mechanically weaken the structure or lead to a loss of
water-tightness and reduced stiffness. Therefore, the development
of a new kind of cementitious material that can autogenously
counter the effects of cracking by self-healing is highly desirable.

Self-healing generally refers to the long-known ability of
a crack to diminish autogeneously in width over time. In
1836, the ability of small cracks in concrete to heal themselves in
the presence of moisture was observed by the French Academy
of Science.” Expenmental investigation and practical experience
have demonstrated>® that the healing of cracks in cementitious
materials leads to a gradual reduction of permeability over time for
water flowing under a hydraulic gradient. In extreme cases, cracks
can be completely sealed. Regardless of origin, self-healing leads
to crack-closing, thus improving durability, permeability, and
potentially mechanical properties.” This is important for
watertight structures and for prolonging the service life of
infrastructure. While self-sealing is widely studied, the ability of
cracks to autogenously regain load-carrying capacity—true
healing—has received limited attention.

Engineered cementitious composites (ECCs) are a class of
ultra-ductile fiber-reinforced cementitious composites
developed for applications in the construction industry.7
ECCs have been optimized through the use of micromechanics to
attain high-tensile ductility and tight microcrack width at
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Fig. 1—(a) Typical tensile stress-strain curve and CW
development of ECC; and (b) setup of uniaxial tensile loading.
(Note: 1 MPa = 0.145 ksi.)

moderate fiber contents (2 volume percent or less).g'10 The
extreme tensile strain capacity of ECCs (beyond 3%; refer to
Fig. 1(a)) is several hundred times that of normal concrete
and ECC toughness is similar to that of aluminum alloys
Figure 1(a) also shows that the crack widths (CWs) of ECCs can
remain small—less than 60 pm (0.002 in.), even at large
deformations. In previous studies, 13 controlling CWs has been
found to promote self-healing behavior, which has recently been
observed in ECCs.!>!3 In conventional concrete, CWs cannot
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Table 1—Mixture design proportion by weight for
ECC specimen

Components, wt. %
Sample |Cement| Sand |Fly ash| HRWRA | Water | Fiber | w/b
ECC 27 22 33 0.4 16 1.3 0.267

*Weight ratio of water-binder (cement + fly ash) material.

Table 2—Chemical compositions and physical
properties of portland cement and fly ash

Chemical composition, % Portland cement Fly ash
CaO 61.80 5.57

Si0, 19.40 59.50

Al,O4 5.30 22.20
Fe,05 2.30 3.90

MgO 0.95 Not measured
SO; 3.80 0.19
K,0 1.10 1.11
Na,O 0.20 2.75
Loss on ignition 2.10 0.21
Physical properties

Specific gravity 3.15 2.18
Retained on 45 um (0.002 in.), % 12.9 9.6

Water requirement, % Not measured 93.4

be reliably controlled; therefore, it is not possible to produce
consistent self-healing behavior. In ECCs, however, the
steady-state CW is a tunable, intrinsic material property. A
body of literature 14-19 concerning the self-healing of
concrete exists, but specifics regarding ECCs are limited.'?
Most previous work focuses on the effects of self-healing
such as reducing permeability, 13 as opposed to the chemistry

of—and processes that promote—self-healing. In this paper,
crack characteristics and resonant frequency (RF) recovery
are used to verify self-healing, after which the chemical
composition of healing products is reported.

RESEARCH SIGNIFICANCE
Yang et al.!3 studied the self-healing of ECCs exposed to
different environments and found that exposure of crack-
damaged specimens to wet-dry cycles was the most effective

promoter of self-healing. It was also shown that RF recovery
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is directly related to the recovery of mechanical properties
and therefore can be used as a method to quantify healing.
This paper builds on that research by using RF to verify that
self-healing is taking place and then providing the chemical
and morphological characterization of the healing products.
This information is lacking in the literature and will help lead
to the design of ECCs with a robust self-healing ability and
more durable, sustainable infrastructure that requires less
maintenance, consumes fewer resources, and generates a
lower carbon footprint.

EXPERIMENTAL INVESTIGATION

Raw materials

The mixture proportion of ECCs used in this study is
shown in Table 1. Type I ordinary portland cement; fine
silica sand, with an average grain size of 110 um (0.004 in.);
Class F normal fly ash, conforming to ASTM C618 requirements;
polyvinyl alcohol (PVA) fibers; and a polycarboxylate-
based high-range water-reducing admixture (HRWRA) were
used. The chemical and physical properties of the portland
cement and fly ash are shown in Table 2. The PVA fibers had
an average diameter of 39 pm (0.0016 in.), an average length
of 12 mm (0.5 in.), a tensrle strength of 1600 MPa (232 ksi), a
density of 1300 kg/m (2192 lb/yd ), an elastic modulus of
42.8 GPa (6200 ksi), and a maximum elongation of 6.0%. Due
to the strongly hydrophilic nature of PVA, the fiber surfaces
were coated with an oiling agent (1.2% by weight) to reduce
the interfacial bond strength between the fiber and matrix.20-22

ECC material preparation

A series of coupon specimens measuring 300 x 76 x 12.5 mm
(12 x 3.0 x 0.5 in.) was cast from a single batch of ECC prepared
using a force-based 20 L (0.71 ft3) capacity mixer.
Specimens were demolded after 24 hours, covered with
plastic sheets, and air-cured at laboratory temperature (20 +
1°C [68 + 1.8°F]) and relative humidity (RH) (50 + 5%) until
testing. Three- and 90-day-old specimens were studied.
Direct uniaxial tensile loading was applied to these
specimens (Fig. 1(b)) using a 25 kN (5.62 kip) capacity load
frame under displacement control. A quasi-static loading
speed of 0.0025 mm/s (0.0001 in./s) was used. Prior to
loading, aluminum plates were glued to both ends of the
coupon specimen to facilitate gripping. The ECC specimens
were loaded to specified tensile deformations of 0.3, 0.5, 1.0,
and 2.0%, producing different levels of microcrack damage.
When the tensile strain reached the predetermined values,
the load was released, and the specimens were removed to
prepare for wet-dry cycles. Prior to wet-dry cycle conditioning,
CWs in these specimens were measured in the unloaded state
using a portable optical microscope over a gauge length of
100 mm (3.94 in.). Crack closure of aj g)proximately 15% during
unloading has been reported therefore, all CW
measurements reported herein were obtained in the unloaded
state from along the centerline of the specimen.

Environmental exposure

After preloading, specimens were subjected to wet-dry
cycles consisting of submerging the ECC specimens in water
at 20°C (68°F) for 24 hours followed by drying the specimens in
air at 20 £ 1°C (68 = 1.8°F), 50 + 5% RH for 24 hours. These
cycles were meant to simulate cyclic outdoor environments
such as rainy days followed by clear days. During each
cycle, water was changed to prevent it from becoming
saturated with leached calcium.
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Self-healing product characterization

Longitudinal RF measurements based on ASTM C215
were carried out on coupon specimens to verify the presence
of and quantify both the damage and self-healing in ECC
materials. Samples for observation by an environmental
scanning electron microscope (ESEM) equipped with an
energy dispersive spectroscopy (EDS) system were prepared
by cutting coupons into small cubes and affixing them to
aluminum stubs. A conductive coating was not used.
Samples for observation by an analytical electron micro-
scope (AEM) were prepared by scratching the surface of the
healed specimens with a razor. Further characterization was
carried out by Fourier transform infrared spectroscopy
(FTIR) in transmission mode (4 cm ™! scan resolution; 58
scans averaged). Finally, X-ray diffraction (XRD) experi-
ments were carried out (C, ko radiation with A = 0.154 nm;
0.02-degree step size, and 2-second dwell time). Ninety-day-
old samples were observed by ESEM, while 3-day-old
samples were analyzed by transmission electron microscopy
(TEM), XRD, and FTIR due to sample constraints. Though
there may be some difference in the nature of the healing
products in each type of sample, the results in the following
paragraphs indicate strong similarities.

EXPERIMENTAL RESULTS AND DISCUSSION

Crack characteristics of preloaded ECC

Crack characteristics of the eight strain/age combination
specimens investigated, including the number of cracks,
average CW, and maximum CW are shown in Table 3. The
total crack number includes all of the cracks, whereas the
average CW is calculated using only CWs larger than 10 pum.
Each point is an average of four measurements. As shown in
Table 3, for specimens preloaded to 2.0%, the maximum CW
is only 80 pm for 3-day-old samples and 70 um for 90-day-
old samples. The 90-day-old samples had a higher number of
cracks but a lower average CW compared to the 3-day-old
samples. This is likely due to the increase in chemical bonds
(and thus debonding fracture energy) and frictional stress at the
fiber/matrix interface in ECCs over time due to continued
hydration. Future work will be carried out on single-fiber
pullout tests to confirm and quantify this behavior.

RF recovery of ECC

Three- and 90-day-old samples were investigated to determine
the effect of age on self-healing. Longitudinal RF was
measured before and after uniaxial tensile preloading for
each environmental conditioning cycle. Each data point is an
average of three specimens. Figure 2 plots the RF ratio value
of 3- and 90-day-old samples versus the preload strain level
after 10 wet-dry cycles (10 cycles were chosen based on
previous studies'>'3). The RF ratio provides the change of RF in
preloaded specimens calculated according to the following

RF
RF ratio = —Lpreloaded 1009 ()

virgin

where RF},,jpqdeq 1S the RF value of the preloaded specimens with
or without 10 wet-dry cycles and RF';,.;, is the RF value of virgin
specimens without preloading or wet-dry cycle exposure. Thus,
the RF ratio value measures the amount of loss of RF due to
crack damage for specimens without healing and the amount
of recovery of RF for specimens with healing due to 10 cycles
of wet-dry cycle exposure.
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Table 3—Crack characteristics of preloaded ECC

Total Number of Maximum
number cracks, | Average CW, CW,
Tensile strain of cracks | >10 um pum (in.) pm (in.)

0.3% at 3 days 5 2 24 (0.00094) | 40 (0.0016)
0.5% at 3 days 9 6 29 (0.0011) | 50(0.002)
1.0% at 3 days 19 11 29 (0.0011) | 60 (0.0024)
2.0% at 3 days 27 21 35(0.0014) | 80 (0.0031)
0.3% at 90 days 6 6 14 (0.00055) | 30 (0.0012)
0.5% at 90 days 9 9 13 (0.00052) | 40 (0.0016)
1.0% at 90 days 24 17 15 (0.00059) | 50 (0.002)
2.0% at 90 days 50 29 18 (0.00071) | 70 (0.0028)
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Fig. 2—RF recovery of self-healed ECC at different preloading
after 10 wet-dry conditioning cycles. 100% indicates RF value
of undamaged specimen.

As shown in Fig. 2, after preloading, the RF values are 38
to 69% of their initial RF for the 3-day-old specimens, recov-
ering to between 94 and 113% of their initial RF after 10
wet-dry cycles. For 90-day-old specimens, the RF values are
43 to 74% of their initial RF after preloading and recover to
between 108 and 113% after 10 wet-dry cycles. A higher
tensile strain leads to a higher loss of RF and less RF
recovery. Ninety-day-old specimens have both less RF loss
and more RF recovery than 3-day-old samples at identical
preloading levels. Although younger samples have more
unhydrated cement, and therefore a higher capacity for self-
healing, older samples have an improved fiber/matrix inter-
facial bond. Therefore, cracking is better distributed and the
cracks are finer, which facilitates self-healing (Table 3). In
addition, most samples (except for the 3-day-old specimen
with 2.0% strain preloading), recover more than 100% of
their initial RF after 10 wet-dry cycles.

Aside from self-healing, other possible sources for RF
increase include moisture content changes and/or further
hydration for specimens exposed to the wet-dry cycling
regimes. In Fig. 3, the RF ratio of the control specimens
(without preloading and therefore no crack damage) reveals
the influence of the wet-dry cycles on the specimen RF; it is
clear that the continued hydration/moisture increase in the
bulk material during conditioning causes an increase in RF.
This influence is stronger for the 3-day-old specimens due to
the presence of a larger number of unhydrated cement grains.

To remove the effect of further hydration and/or moisture
content changes on RF value improvement and to investigate the
true extent of RF recovery due to self-healing, the normalized RF
was calculated based on the following
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—preload. condition , 100g,  (2)
RF

Normalized RF =

virgin, condition

where RF),,010ad, condirion 18 the RF value of preloaded specimens
that underwent wet-dry cycles and RF ;. condition 15 the RF
value of control virgin specimens that underwent the same
conditioning but without preloading. The RF ratio thus
calculated removes the effect of further hydration and/or
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Fig. 3—Influence of continued hydration and moisture
increase on increase of RF for bulk material (control
specimens without cracks).
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moisture content on the bulk material that occurs in the
preloaded and virgin specimens. A normalized RF of 100%
implies a full recovery from crack damage. Note that the
presence of microcracks may allow improved hydration of
bulk materials adjacent to the crack walls. This effect, which
is assumed to be small, is not accounted for in this study.

The effect of the number of wet-dry cycles on changes in
RF is summarized in Fig. 4. The normalized RF for specimens
preloaded to strain levels of 0.3%, 0.5%, 1.0%, and 2.0%
after 3 and 90 days of aging are shown in Fig. 4(a) through
(d), respectively, as a function of the number of conditioning
cycles. After removing the influence of hydration/moisture, RF
recovery that can be attributed to self-healing is still evident.
Therefore, wet-dry cycles contribute to the self-healing of
crack-damaged ECCs. Most RF improvement happens
before four to five cycles, after which additional increases
level off. After 10 wet-dry cycles, the normalized RF
regains nearly 100% for 0.3 and 0.5% preload strain, 95%
for 1.0% preload strain, and 90% for 2.0% preload strain
for 90-day-old specimens.

Regarding the effect of age, the 90-day-old samples had a
slightly higher RF recovery compared to the 3-day-old specimens.
This is likely due to the fact that cracks in the 90-day-old
specimens were on average smaller—even though there was
a larger number of them—than those in the 3-day-old specimens.
These tighter cracks are more easily filled with healing products.

105

a | 0.5% preloaded

75 -

Normalized RF (%)
8
T

70 -

ol "
0 b A
60 |-
o ) ) ) ) ) L . . R L
2 A > 4 5 ) 10 2 A B 2 4 6 8 10
A: before preloading A: before preloading
B: after preloading B: after preloading
Number of Cycles Number of Cycles
A
100 - & | 1.0% preloaded 100 4
1 — |
| e SN L] 2.0% preloaded
{ B A A A i B
| A= i AN
0 |- 4 = P Y
—~ 1 & i A
S k ] o 8r |
] S / =
& g ool |
g o
N @
g Or | -~ 3 days 8 ol
g \ / --m- 90 days g
2 | S
60 |- \ Z s}
I l’i
L
50 |-
1 L i 1 i1 i 30 1 i i 1 1 ]
2 A B 2 4 6 8 10 2 A B 2 4 6 8 10
A: before preloading "
. - A: before preloading
B: after preloading B after preloading
Number of Cycles Number of Cycles

Fig. 4—True extent of RF recovery of 3- and 90-day-old ECC under wet-dry cycles for

different preload strain levels.
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Fig. 5—ESEM images of self-healing process in ECC (15 um CW): (a) before self-
healing (0 cycles); (b) after one cycle; (c) after three cycles; (d) after 10 cycles; (e) after

20 cycles; and (f) after 49 cycles.

Fig. 6—ESEM images of self-healing process in ECC (30 um CW): (a) before self-healing (0
cycles); (b) after one cycle; (c) after three cycles; (d) after 10 cycles; (e) after 20 cycles; and
(f) after 49 cycles.

Morphology of self-healing products in ECC

To characterize the self-healing process, samples were observed
by ESEM. Only the 90-day-old specimens were studied. After
preloading, a 10 x 10 x 10 mm (0.4 x 0.4 x 0.4 in.) cube was cut
from a tensile coupon. The ESEM allows continuous imaging
during the healing processes because no special coating is
required. In addition, the ESEM operates under variable pressure
conditions that do not require a high vacuum, which could
possibly alter the specimen. After imaging, the cube specimens
were placed in water, then removed for imaging, and then
replaced in water until they experienced 49 wet-dry cycles.

The growth processes of self-healing products on 15 pm,
30 um, and 50 um cracks, as well as on fiber surfaces, are
displayed in Fig. 5 to 7, respectively. After the first wet-dry
conditioning cycle, some self-healing products were already
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evident in all of the cracks. For the 15 um cracks, fiber-like
self-healing products were observed growing from both
sides of the crack surface until they eventually met. After
additional wet-dry cycles, the fiber-like self-healing
products became much denser, and after 49 cycles, the crack
was almost completely filled. For 30 pm cracks, stone-like
particles were observed growing under the fiber-like self-
healing products after one wet-dry cycle. These stone-like
particles were not observed in the smaller cracks. After
further wet-dry cycles, the fiber-like self-healing product
became much denser and continued to grow from both sides,
almost fully bridging the crack. After 49 cycles, some stone-
like self-healing products were still observed on the crack
surface. Regarding 50 pm cracks, a few fiber-like products
were observed growing from either side of the crack; they
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Fig. 7—ESEM images of self-healing process in ECC (50 um CW): (a) before self-
healing (0 cycles); (b) after one cycle; (c) after three cycles; (d) after 10 cycles; (e) after

20 cycles, and (f) after 49 cycles.

Fig. 8—ESEM images of self-healing process in ECC on fiber surface: (a) before self-
healing (0 cycles); (b) after one cycle; (c) after three cycles; (d) after 10 cycles; (e) after
20 cycles; and (f) after 49 cycles.

were unable, however, to fully bridge the crack. Some stone-
like particles were also observed in the crack; incomplete
healing, however, was evident after 49 cycles.

In summary, a fiber-like phase is the main self-healing
product in 15 pum cracks; both fiber-like and stone-like
particles were observed in 30 pum cracks; and less self-
healing product was observed in 50 pm cracks. It is possible
that the stone-like particles required a minimum amount of
space for growth, preventing their nucleation in the 15 pm
cracks, but it is possible that they were too small to be
observed by ESEM.

In addition to the crack surfaces, the crack-bridging PVA
fibers themselves provided nucleation sites for healing products.
As shown in Fig. 8, many fiber-like healing products were
observed growing on the surface of the PVA fibers. After
10 wet-dry cycles, these products made it difficult to
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distinguish the PVA fibers from the matrix. The growth
of healing products on the surface of PVA fibers may be
due to the hydrophilic nature of the PVA surface and/or
the presence of —OH groups, making it easier to form
Ca(OH),.

Chemical characterization of healing products
EDS—To investigate the chemical nature of the self-
healing products, specimens were examined using EDS.
During ESEM observation, fiber-like products (Fig. 9(a))
and stone-like products (Fig. 9(b)) were distinct. At least
three different points were analyzed by EDS for each
product. Based on Table 4, the Ca:Si ratio of the fiber-like
product is 2.07, and the O:Ca ratio of the stone-like product
is approximately 3.62. These results suggest that the fiber-
like self-healing may be C-S-H gel and the stone-like

ACI Materials Journal/November-December 2010



Table 4—EDS element analysis of self-healing
product A (fiber-like) and B (stone-like)*

Element A (at. %) B (at. %)
C 0 9.6+0.9

o 729+0.8 62.5+0.3
Mg 103+04 5.1+£04
Al 2.8+0.1 2.1+0.1
Si 4403 2.7+0.1

Ca 9.1+£0.6 17.3+£0.8

“Elements with less than 1 atomic percent concentration not shown.

product may be CaCOj5; however, the presence of a
mixed C-S-H/Ca(OH), system in the former (which does
not contain carbon) and a mixed C-S-H/Ca(OH),/CaCO;
system in the latter (which contains an abundance of
calcium) is difficult to rule out due to the limitations of
EDS. Specifically, the interaction volume between the
electron beam and the sample may be on the order of 1
um3 so that information from neighboring phases can
bleed into each other. That the stone-like product does
contain some carbonation product makes the presence of
at least some CaCOj likely.

It should also be noted that many of the points in the
fiber-like product contained a large amount of magnesium
(~ 10 atomic %). The reason for this is not clear, as neither
the raw materials nor unhealed ECC contain appreciable
levels of magnesium. The most likely source of the magne-
sium is therefore the water that was used for the wet-dry
cycles; however, no appreciable amounts of chlorine were
detected. Possible dispositions of the magnesium include
magnesium  carbonate  (magnesite), magnesium/calcium
carbonate  (dolomite), magnesium carbonate hydrates
(barringtonite), or magnesium hydroxide (brucite.) Magnesium
compounds are not mentioned in the self-healing literature and
will be investigated further in future work.

XRD and FTIR test results—To complement the ESEM-
EDS results, both FTIR and XRD experiments were
performed. These tests were carried out because
identification of the chemical nature of the self-healing
compounds will be essential to future attempts to develop
robust self-healing materials. As shown in Fig. 9(c), the
rehealing products can be observed by the naked eye,
occurring as white precipitates in the cracks. A small amount
of this white healing material scratched from the sample was
observed by TEM. The particle shown in Fig. 9(d) was
confirmed by TEM-EDS to be CaCOs.

X-ray diffractograms of several materials involved in this
study (Fig. 10(a)) show well-defined peaks. Sand and fly ash
(components of ECC) contain mainly quartz. The diffractogram
of a control specimen—from preloaded ECC that did not
undergo healing—contained quartz and some calcite. The
diffractograms of specimens taken by drilling into the bulk
with a small drill bit appear similar, though the peaks related
to calcite are better defined. Due to the size of the (relatively
large) drill bit compared to the size of the (relatively small)
microcrack, the powder obtained in this manner is a mixture
of both the healing product and the surrounding cementing
phase. Three specimens obtained in this way were identical
(thus, only one is plotted in Fig. 10(a)). Finally, powder was
obtained by using a razor to scratch the healing product. As
this scratching produced much less material than the drilling
method, it was performed on the largest cracks. Due to the

ACI| Materials Journal/November-December 2010

10 pm ] 10 pm

Fig. 9—(a) ESEM image of fiber-like healing product;
(b) ESEM image of stone-like healing product; (c) self-
healing ECC specimen surface after 10 wet-dry cycles
(3-day-old; 1% preload strain); and (d) TEM image of
healing product scraped from surface.
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Fig. 10—(a) XRD diffractograms; and (b) FTIR spectra of
self-healing products in ECC.

more precise scratching, the amount of the surrounding
cementing phase included was reduced. Two diffractograms
obtained were identical, and though some quartz is still
evident, the majority of peaks are related to calcite. Overall,
these results indicate that calcite is the primary crystalline
product involved in the healing process.

FTIR spectra (Fig. 10(b)) were collected from three
similar specimens: a control sample of ECC that did not
undergo healing cycles, a sample obtained by drilling as
described in the XRD analysis section, and a sample
obtained by scratching the healing product with a razor. The
scratched sample is the most representative of pure healing
material, whereas the drilled sample also contains some of
the material surrounding the crack.

The three spectra share a number of similarities. A wide
peak from roughly 1350 to 1550 em!is representative of the
stretching vibrations of CO3 , though the origin of the peak
(CaCO3 versus MgCO3) is not spemﬁed The bending V1brat10ns
of this ion are also the source of the sharp peak near 875 cm
These two peaks indicate the presence of CaCOj5 in the
form of calcite.
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A very wide, poorly defined peak from roughly 900 to
1100 cm™' is representative of a variety of silicate stretchin;%
modes. A very weak triplet of peaks at 790, 780, and 690 cm™
are indicative, when taken together, of quartz (from either
the sand or fly ash used in the ECCs). These three peaks,
though weak, are most well-defined in the spectrum of the
drilled sample. Finally, the noise at the ends of the spectra
(greater than approximately 1500 cm™! and less than 700 cm™)
is due to the presence of atmospheric water vapor. The peaks
due to atmospheric CO, (not shown) are quite minor and are
not sufficiently intense to account for the bonds attributed to
calcite here.

The poorly defined peak due to silicate bonding was the
main difference between the spectra. First, this peak is somewhat
less intense in the scratched sample, implying that the bulk of the
healing product is calcite. Second, in the drilled sample, rather than
being a single, wide peak, it has three minima at 1090,
1060, and 970 cm™'. It is possible that this occurred
because CO, was leaching Ca from the surrounding C-S-H
rather than consuming CH to create calcite. When this happens,
the Si in the C-S-H becomes more highly polymerized, which in
turn leads to the well-known phenomenon of FTIR peaks
shifting to higher wave numbers.

CONCLUSIONS

The self-healing behavior and process of high-tensile
ductility ECCs have been investigated in this paper. The
observation of crack characteristics at 0.3, 0.5, 1.0, and 2.0%
preloading, RF recovery behavior, ESEM observations, and EDS/
TEM/FTIR/XRD analyses are reported. These results suggest that
ECC, which is tailored for high-tensile ductility and self-
controlled CW, has many characteristics that contribute to self-
healing behavior. The tight CW of ECCs is illustrated by a
maximum CW of less than 80 um even with 2.0% tensile
strain damage. CW of less than 50 um leads to highly robust
self-healing. Compared to 3-day-old samples, 90-day-old
samples had many more cracks of smaller width—a prime
condition for self-healing—which leads to slightly better RF
recovery. Wet-dry cycles contributed to the self-healing of
ECCs, as evidenced by rapid RF recovery after four to five
cycles. After 10 wet-dry cycles, RF recovery due to self-
healing exceeded 90%, even at a 2.0% imposed strain.

The self-healing products have been confirmed by the
complementary use of EDS, TEM, FTIR, and XRD to be
fiber-like C-S-H and stone-like CaCO3, varying by CW.
C-S-H is the main self-healing product for CWs of 15 pm,
and C-S-H and CaCOj are the main self-healing products for
CWs of 30 um. Less self-healing product is seen at CWs of
50 pum; however, below this width, cracks can be almost
completely healed. Further hydration and the formation of
CaCOj5 crystals are the main reasons for the self-healing
phenomena. Finally, PVA fibers in ECC provide nucleation sites
for healing products that may aid in the self-healing of ECCs.
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