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High-strength engineered cementitious composite (HS-ECC) reinforced with polyethylene (PE) fiber typically
features larger crack width compared with conventional polyvinyl alcohol fiber-reinforced engineered cemen-
titious composite (PVA-ECC), diminishing the self-healing potential of HS-ECC. This larger crack width is
attributed to the high matrix fracture toughness and the weak interfacial property between PE fiber and matrix.
In this study, synergistic utilization of crumb rubber (CR) and hollow fly ash cenosphere (FAC) particles as
lightweight particles and artificial flaws were employed to reduce the density, the matrix toughness, and the
crack width of HS-ECC, leading to a lightweight HS-ECC (LWHS-ECC) with enhanced self-healing capability. The
impacts of CR and FAC particles on the density, mechanical, and self-healing properties of LWHS-ECC were
investigated. The addition of these two particle types significantly narrows the crack width from 120 pm to 50
pm and promotes the self-healing property of LWHS-ECC. Despite lower compressive and tensile strengths with
an increasing amount of CR and FAC, the tensile strength to self-weight ratio of LWHS-ECC is twice that of M45
PVA-ECC. The realization of the self-healing ability of PE-fiber reinforced LWHS-ECC is expected to enlarge its

practical application.

1. Introduction

Engineered cementitious composites (ECC) is a special type of fiber-
reinforced concrete with distributed microcracks and tensile strain ca-
pacity above 3% [1]. The polyvinyl alcohol (PVA) fiber reinforced ECC
(PVA-ECC) exhibits a self-controlled crack width around 60 pm,
enabling the self-healing capability under various environments [2-6].
The PVA-ECC with narrow crack width enhances the resilience and
durability of infrastructures. However, the modest tensile strength of
3-6 MPa [1,7] and the strength-to-density ratio of PVA-ECC may limit its
wider application in structural rehabilitation and retrofit.

High-strength engineered cementitious composite (HS-ECC), rein-
forced by ultra-high molecular weight polyethylene fiber (ULHMW-PE,
PE for short) has been recently developed [8-12]. HS-ECC features high
mechanical strengths and high tensile ductility. The compressive
strength of HS-ECC ranges from 80 MPa to over 200 MPa, the tensile
strength ranges from 8 to 20 MPa, while the tensile strain capacity of
HS-ECC could attain up to 8% depending on the fiber types and fiber
parameters (fiber volume, fiber length and diameter) [8-12]. HS-ECC is
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a promising material for retrofitting unreinforced masonry and corroded
reinforced concrete structures [13,14]. However, the crack width of
HS-ECC under loads could reach 120-200 pm due to the hydrophobicity
of PE fiber and high matrix fracture toughness [15], which is consider-
ably larger than that of PVA-ECC and limits the self-healing potential of
HS-ECC [6,7]. The larger crack width and poor autogenous healing
property of HS-ECC put this composite at a disadvantage when
compared with PVA-ECC. Further, the higher density of HS-ECC could
increase the dead load of the repaired or new structures, leading to a
larger response under seismic action. Therefore, a HS-ECC that in-
tegrates the merits of high tensile strength, lightweightness and
self-healing properties would be attractive for the design of efficient
structural elements with long service life.

Attempts have been made to decrease the density of HS-ECC by using
low-density ingredients including fly ash cenosphere, entrained air,
vermiculite, and crumb rubber [16,17], leading to the density of HS-ECC
lower than the threshold value for lightweight concrete of 1850 kg/m>
[18]. The compressive and tensile strength ranges of these lightweight
HS-ECC are 40-70 MPa and 7-9 MPa, respectively [16,17]. The specific
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Fig. 1. Specific tensile strength of high-performance concretes.

' >
5ss 50 5

Fig. 2. Typical crack bridging stress vs crack opening (o-8) relation. The dia-
mond shaded area is J’p. Jyjp at steady-state crack extension is indicated by
purple dot-shaped area. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

tensile strengths (tensile strength-to-density ratio) combined with ten-
sile strain capacity of lightweight high-strength ECC (LWHS-ECC) are
remarkably higher than those of ultra-high-performance concrete
(UHPC) and PVA-ECC (Fig. 1) [19-24], increasing the repair efficiency
for infrastructure. The inherently low thermal conductivity of
LWHS-ECC is promising for the integrated structural-plus-energy ret-
rofitting of old masonry and/or cultural heritage buildings, protecting
the residents during earthquakes, whilst increasing the energy perfor-
mance of these buildings. Further, these induced lightweight particles
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could simultaneously act as the artificial flaws lowering the fracture
toughness Kp, of the matrix and thereby increasing the multiple cracking
robustness and reducing the crack width of HS-ECC [16,17]. Despite
these developments, previous LWHS-ECC has not been endowed with
the self-healing capability due to the relatively large crack width [16,
17]. Therefore, to what an extent the crack width of LWHS-ECC could be
reduced and whether LWHS-ECC possesses self-healing capacity are two
questions that remain to be answered.

This research aims to develop a self-healing LWHS-ECC by syner-
gistic utilization of crumb rubber (CR) and hollow fly ash cenosphere
(FAC) particles as lightweight ingredients and artificial flaws. The
physical and mechanical performances of LWHS-ECC with different
lightweight particle replacement ratios (i.e., 25%, 40% and 50% of the
dry ingredients by mass) were assessed. The specific tensile strength of
LWHS-ECC was compared to that of M45 PVA-ECC. Further, the self-
healing capacity and properties of pre-cracked (after imposing strains
of 0.5%, 1.0%, 2.5% and 4.5%) LWHS-ECC subjected to wet-dry cycles
were evaluated. The rate and extent of self-healing behavior were
quantified by resonant frequency, permeability and tensile performance.

2. Design theory

Based on the micromechanical model, two criteria (strength criterion
and energy criterion) should be satisfied to achieve the strain-hardening
performance and multi-cracking states [25,26]. The strength criterion
requires the matrix tensile cracking strength o. to be less than the
maximum fiber bridging strength oo.

o, < 0y 1)

where o, is governed by the matrix fracture toughness K, and preex-
isting internal flaw size ag; in the present study, o, is taken as the first
crack strength [27].

The energy criterion requires the crack tip toughness Jy;, to be less
than the complementary energy J'p, calculated from the fiber-bridging
constitutive relationship, i.e., bridging stress ¢ versus crack opening &
(0-6 curve), as illustrated in Fig. 2.

8o

Jip <0080 — /0(5)d§ =7, 2
0
K
Ju'p = a (3)

The strength criterion Eq. (1) governs the initiation of crack and the
energy criterion Eq. (2) controls the crack propagation mode. Both
criteria are indispensable to achieving the strain-hardening performance
of LWHS-ECC. While the satisfaction of Egs. (1) and (2) ensures the
occurrence of multi-cracking, the high tensile ductility of ECC and the
number of cracks that can develop (the multi-cracking saturation level)
are governed by the flaw size and its distribution [28]. Limited by the
peak bridging stress o at the weakest cross-section, a lower bound of

p(c)
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(b) Size distribution of natural and artificial flaws

Fig. 3. Size distribution of flaws (adapted from Ref. [31]). The shaded region represents flaws large than ¢, that are activated during the strain-hardening stage of

tensile loading.
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(b) CR particles

(c) FAC particles

Fig. 4. Particle size distributions of constituents, CR and FAC particle morphology.

Table 1
Mix proportion of LWHS-ECC.

D Cement kg/m® Silica fume kg/m® Fly ash kg/m® Sand kg/m* FAC kg/m® CR kg/m* Water kg/m® SP kg/m® Fiber kg/m®
M-0 650 150 700 550 - - 240 25 19.4
M-25 650 150 700 - - 183.3 240 25 19.4
M-40 552.5 127.5 595 - 105 183.3 240 25 19.4
M-50 455.0 105.0 490 - 150 183.3 240 25 19.4

Note: The solid content of SP is 40%.

critical flaw size cp is set and only those flaws larger than cy, could be
activated before the ultimate tensile strength is reached (Figs. 3a and 4).
A large margin for these criteria is preferred to achieve robust ductility
of ECC, as demonstrated in normal and high-strength PE-ECC [8,12].
However, the crack width of PE-ECC reaches 120-200 pm, which limits
its capacity for self-healing [29]. Therefore, a design method to reduce
the crack width of PE-ECC is needed.

Deliberate planting of artificial flaws such as polypropylene beads
and superabsorbent polymers with the proper size has been shown to be
effective in activating more micro-cracks (Fig. 3b) [30,31]. The addition
of artificial flaws could remarkably reduce the matrix fracture toughness
and cracking strength, while slightly diminishing the fiber-bridging
strength, leading to a reduction in the fiber-bridging transition length
between adjacent cracks (i.e., crack spacing) and thus a larger number of
cracks. The weaker matrix strength also results in a smaller crack width
during the tension process [32] and increases the self-healing capacity of
PE fiber-reinforced LWHS-ECC.

In the current study, FAC particles are used as lightweight fillers to

reduce the density as well as the matrix fracture toughness, shifting the
critical flaw size to the left (Fig. 3b) and activating more cracks. How-
ever, the crack width of this lightweight ECC is still too large to be self-
healed [16,17]. The CR particles act as both the artificial flaws and
lightweight ingredients to activate more microcracks and reduce crack
width to ensure the self-healing potential of LWHS-ECC.

3. Sample preparation
3.1. Raw constituents and mixture preparation

The mix proportion of LWHS-ECC consists of four parts, i.e., the
binder materials, aggregate, lightweight particles and reinforcing PE
fiber (Table 1, Shangdong Aidi Co. China). The binder materials include
ordinary Portland cement PO 52.5R (Type I, Lafarge Holcim Cement
Co.), silica fume (SF, Elken Co.), and fly ash (FA, Boral Material Tech-
nologies Inc.). These materials along with the low water-to-binder ratio
generate sufficient C-S-H gel and homogenize the matrix to produce a
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Table 2

Test scheme of LWHS-ECC.

Mix proportions Number of specimens

Compression  Tension  Matrix three-point
bending
M-0,M-25M-40,M- 5 5 6
50
M-50-0.5%, 1.0%, 2.25%, N/A 5 N/A

4.5%

high compressive strength under normal curing conditions (20 + 1 °C
and 40 + 5% RH). F75 fine silica sand (US Silica Co.) was used as the
aggregate in the reference mixture.

Two lightweight particles, i.e., fly ash cenosphere (FAC, Cenostar
Co.) and crumb rubber (CR, Entech Co.) were employed to replace the
solid ingredients of the HS-ECC to reduce the density and act as the
artificial flaws. FAC particle has a mean particle size of 110 pm and was
used to partially replace the binder materials in the reference mix
(Table 1) to reduce the density of HS-ECC. CR particle with particle size
larger than that of silica sand was used to replace the silica sand in the
mixes, while excessive CR particle would significantly reduce the vis-
cosity of the HS-ECC matrix and disturb the fiber dispersion. The particle
size distributions of binder materials, silica sand and lightweight parti-
cles are shown in Fig. 1. Besides the lightweightedness function, CR
particles with a larger particle size as well as lower bond strength to
matrix act as artificial flaws of LWHS-ECC to activate more cracks under
tension.

The replacement ratios of lightweight particles to the solid in-
gredients (binder materials and aggregate) in the reference mix are 25%,
40% and 50%, respectively. CR and FAC particles have the same density
of 900 kg/mg. The water-to-binder (w/b) ratio of the reference mixture
was 0.17 including the water from polycarboxylate-based super-
plasticizer (SP, MasterGlenium 7920, BASF Co.). SP was used to main-
tain a proper mix flowability. The mixes were named as M-X, where X
represents the replacement ratio of lightweight particles (Table 1).

High-strength polyethylene fiber (PE) was used as the reinforcement
of LWHS-ECC specimens. PE fiber has a density of 970 kg/m® and a
tensile strength of 2400 MPa. Its diameter and length are 24 pm and 18

mm, respectively, resulting in an L¢/ds ratio of 750 [33,34]. The PE fiber
content is 2% by volume for all four mixes.

3.2. Mechanical performance tests

Plain dogbone specimens (Fig. 5a) were employed to determine the
uniaxial tensile performance of LWHS-ECC, including the mechanical
properties and crack parameters. The mixture with a sufficiently small
crack width was selected for the self-healing study following the pro-
cedure in Ref. [29]. Five specimens of each mix were prepared and
tested at 28 d. The geometry of the dogbone specimen followed by the
JSCE specification ensures the occurrence of most cracks in the central
gauge region [35]. Fig. 5b shows the uniaxial tensile test setup. A pair of
displacement transducers were attached to measure the elongation
within the gauge length to obtain the strain capacity of LWHS-ECC. The
real-time tensile load was recorded with a loading rate of 0.5 mm/min.
The compressive strengths were determined using 50.8 mm (2 inches)
cube specimens at 28 d, respectively. The detailed test scheme is shown
in Table 2.

The fracture toughness of LWHS-ECC matrix (without fiber) was
conducted using three-point bending test according to specification
[36]. The specimen dimensions were 40 mm x 40 mm x 180 mm with a
span/depth ratio equal to 4.0, and an initial crack length/specimen
depth of 0.3.

3.3. Self-healing tests

To evaluate the rate and extent of self-healing performance of LWHS-
ECC, the resonant frequency (RF), permeability and tensile performance
of specimens before and after healing were measured and analyzed. It is
noted that both the RF and permeability parameters are determined in
the unloaded state.

Dogbone specimens of M — 50 were pre-loaded to four tensile strain
levels, i.e., 0.5%, 1.0%, 2.25% and 4.5% at 28d (Table 2). The pre-
cracked specimens were then exposed to wet-dry cycles comprising
48h water immersion (20 + 1 °C) and 48h air curing (20 £+ 1 °C and 40
+ 5% RH). The wet-dry cycle serves as an accelerated test method to
simulate outdoor environments. Five specimens were tested in each case
(M-50-0.5%, 1.0%, 2.25% and 4.5%). After 7 wet-dry cycles (28d), the
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Fig. 7. Density evolution of LWHS-ECC.

pre-cracked specimens were tested under uniaxial tension until failure
[2,5]. The tensile strengths and strain capacity were used to evaluate the
self-healing performance of LWHS-ECC.

Longitudinal resonant frequency (RF) measurements (Fig. 6) based
on ASTM C215 were carried out to monitor the extent and rate of
autogenous healing [37]. Both the intact and pre-damaged specimens
were measured after each wet-dry cycle. The normalized RF, i.e., the
ratio of the resonant frequency of LWHS-ECC at any given pre-loaded
strain divided by that of virgin LWHS-ECC without pre-damage, was
measured (Eq. (4)). The change of resonant frequency is used as an in-
dicator to quantify the damage degree of pre-cracked LWHS-ECC spec-
imens and the recovery degree of healed specimens.

RF,
RF,

Rrr = @
where RF, is the RF value of preloaded specimens under tensile strain ¢
exposed to wet-dry cycle. The RFj is the RF value of intact specimens
exposed to the same wet-dry cycles. A higher Rgy value reflects higher
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Fig. 8. Compressive strength of LWHS-ECC.
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recovery ability.

Permeability tests reveal the extent of self-healing. The falling head
test (Fig. 6b) was used to determine the permeability of pre-cracked and
healed LWHS-ECC specimen at the unloaded state. The permeability test
was conducted at a standard room temperature of 20 + 1 °C. The water
head was monitored and recorded starting at 2h after filling the water
tank [38]. The permeability coefficient k is determined by the following
equation.

_al

ho
_A te

k I

In(-—) )

where a is the cross-section area of the standpipe (mm?), L is the spec-
imen thickness (mm), A is the specimen cross-section area (mmz), tr is
the test duration (s), hs and hg are the final and initial water head (m).
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4. Results and discussion

4.1. Composite density, compressive strength and matrix fracture
toughness

Fig. 7 shows the densities of LWHS-ECCs. The density of LWHS-ECC
decreases from 2218 kg/m> of M — 0 to 1440 kg/m® of M — 50 with
increasing amount of CR and FAC particles, accompanied by a decrease
of compressive strength from 113.4 MPa (M — 0) to 38.0 MPa (M-50;
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Fig. 8). There is a sharp decrease in the compressive strength from 113.4
MPa of M — 0 to 63.6 MPa of M — 25, a drop of 44%, while the corre-
sponding decrease in density is only 20%. The incompatibility between
CR particle and cementitious matrix as well as the lower stiffness and
strength of the CR particle significantly damage the interfacial property
and internal structure of LWHS-ECC matrix. With a further decrease in
density of 20% by using FAC particle (M — 50), the compressive strength
drops to 38.0 MPa, narrowly meeting the strength requirement for
lightweight high-strength concrete [18].

The fracture toughness of LWHS-ECC matrix decreases with the
addition of lightweight particles. Similar to the compressive strength,
the fracture toughness of LWHS-ECC decreases sharply from 0.80
MPa.m'’2 of M — 0 to 0.47 MPa.m'/2 of M-25. The fracture toughness
then decreases to 0.31 MPa-m'/2 with the replacement ratio of light-
weight particles up to 50%. The lower fracture toughness reduces the
critical flaw size (Fig. 3), which when combined with the artificial flaw
effect of CR particles, leads to more micro-cracks and improves the
robustness of the strain-hardening performance of LWHS-ECC. It should
be pointed out that robust strain-hardening does not necessarily mean a
higher tensile ductility, but more saturated micro-cracks. The lower
matrix fracture toughness also decreases the initial cracking stress of
LWHS-ECC (Section 4.3).

4.2. Tensile stress-strain curves

Fig. 10 shows the tensile stress-strain curves of LWHS-ECC. All mixes
exhibit robust strain-hardening performance. The tensile strain capac-
ities are larger than 6%. Both the ultimate strength and strain capacity of
LWHS-ECC decrease with the lightweight particle replacement ratio
(Fig. 10e). The strain-hardening process of M — 50 is more stable with

M-0 M-25 M-40 M-50

9
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(b) Tensile strength to density ratio
1200

800 |

400

Strain energy density (kJ/m?)

1 1 1
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(d) Strain energy density

Fig. 12. Tensile parameters of LWHS-ECC.
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Table 3

Crack parameters of pre-loaded M — 50 at different strain levels.

Tensile Average number  Average crack width ~ Average crack width -
strain (%) of cracks - loaded (pm) unloaded (pm)

0.5 12 34 18

1.0 21 40 21

2.25 36 50 26

4.5 72 50 27

smaller stress drops during multiple cracking (Fig. 10f). The average
stress drops of M — 0 and M — 50 is 1.67 MPa and 0.24 MPa,
respectively.

4.3. Tensile mechanical parameters

The tensile parameters of LWHS-ECC, including the peak and initial
cracking stress (o, otc), the tensile strain capacity (e,), and the strain
energy density (gs.) are shown in Fig. 11 [39].

The tensile parameters of LWHS-ECC are summarized in Fig. 12. The
peak stress of LWHS-ECC decreases from 15.55 MPa of M — 0 to 11.29
MPa of M — 25 and 7.34 MPa of M — 50 (Fig. 12a). The addition of CR
and FAC particle loosens the matrix structure and lowers the interfacial
bond strength between PE fiber and matrix. Further, the larger CR
particles disturb the fiber dispersion uniformity, leading to a reduction
in the ultimate tensile strength. The initial cracking stress of LWHS-ECC
is lowered from 8.98 MPa of M — 0 to 4.18 MPa of M — 50 due to the
weakened matrix fracture toughness (Fig. 9) by lightweight particles. It
is noticed that the decrease in ultimate tensile strength (52%) is lower
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Fig. 14. Normalized RF of pre-cracked M-50.

than that of matrix fracture toughness (62%) due to a gentler decrease in
fiber and matrix interfacial bond stress.

The ratio of ultimate tensile strength to compressive strength ranges
from 0.14 of M — 0 to 0.20 of M — 50, which is remarkably higher than
those of plain concrete, conventional fiber-reinforced concrete and
UHPC [19-21]. The reduction in density has a larger impact on
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compressive strength than tensile strength. Although the specific
strength (ratio of tensile strength to density) of LWHS-ECC decreases
with increasing lightweight replacement ratio, the value of M — 50
(4.82) is twice as that of PVA fiber-reinforced M45 (Fig. 12b) [23]. The
large specific tensile strength reduces the self-weight of the structural
member with the same load capacity.

The strain capacity of LWHS-ECC decreases with the increasing
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replacement ratio of lightweight particles due to the smaller crack width
of these mixtures (M — 25, M — 40, M — 50, Fig. 12¢). The strain energy
density [39], the area between the strain-hardening branch and the
x-axis, shares a similar trend with ultimate tensile strength and strain
capacity (Fig. 12d). The strain energy density of M — 50 (305.4 kJ/m>) is
33% of that of M — 0 (928.0 kJ/m>).

4.4. Crack pattern parameters

Fig. 13a and b shows the crack width development of LWHS-ECC
under load (M — 0 and M — 50). The crack width of M — 50 increases
significantly up to 2% tensile strain, after which it increases gently and
stabilize at around 50 pm, comparable to that of PVA-ECC [23] and
endows M — 50 the self-healing potential [29]. The number of cracks
increases with the lightweight particle replacement ratio from 60 of M
— 0to 102 of M — 50, while the crack width decreases steadily with the
replacement ratio (Fig. 13c). The combination of the artificial flaw and
low fracture toughness of the LWHS-ECC matrix activates more
micro-cracks and reduces the crack width. The crack distributions on the
tensile specimen surfaces of M — 0 and M — 50 are displayed in Fig. 13d.

4.5. Self-healing properties of LWHS-ECC

4.5.1. Pre-damaged M-50

M — 50 specimens with the smallest crack width at ultimate tensile
strength were chosen for self-healing studies. The specimens were pre-
loaded to four strain levels, i.e., 0.5%, 1.0%, 2.25% and 4.5%. The
number of cracks increases with the strain level from 12 at 0.5% to 72 at

(b) M-50-4.5%

Fig. 16. Crack healing in pre-cracked specimens.
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Fig. 18. Reloading tensile stress-strain curves of healed LWHS-ECC specimens.

4.5%, while the average crack width at the loading stage keeps constant
at 50 pm after 2.25%. The crack width rebounds by 50% after unloading.
The crack numbers and crack widths (at loading and unloading stages)
are summarized in Table 3.

The normalized resonant frequency (RF) of pre-cracked LWHS-ECC
indicates a bilinear relationship between RF and LWHS-ECC tensile
strain deformation (Fig. 14). The bilinear characteristic is attributed to
the increase in the number of cracks as well as the crack width at a lower
strain level (below 2.25%), while further tensile straining is mainly due
to the increase of crack numbers with the average crack width kept
constant. This leads to a steeper decrease of RF at smaller strain values
followed by a gentler decay at strain values higher than 2.25%. The
normalized RF of pre-cracked LWHS-ECC decreases from 0.93 of M-50-
0.5% to 0.74 of M-50-2.25% and 0.62 of M-50-4.5%.

10

The permeability of M — 50 before healing (Fig. 15) increases
exponentially with the pre-loading tensile strain. The permeability co-
efficient increases from 5.5 x 10~° m/s at pre-loading strain of 0.5%—
2.7 x 1077 m/s at 4.5%, which coincides with the values of PVA-ECC
with similar crack width [38,40].

4.5.2. Resonant frequency and permeability recovery

The crack healing of pre-cracked specimens is shown in Fig. 16. The
white residue in the crack or on the crack surface is calcium carbonate
crystals [29].

Resonant frequencies of pre-cracked LWHS-ECC specimens before
and after each wet-dry cycle were monitored. At least three specimens
were used to obtain the recovery RF. The results are summarized in
Fig. 17. A higher pre-damage level leads to a lower RF of LWHS-ECC



K. Yu et al.

A

Cement and Concrete Composites 123 (2021) 104209

Stage I: Cracking of healed cracks
Stage II: Opening of crack width
Stage III: Multi-cracking stage

Stage 111
Stage 1 &
T —— : — — —
[ I (75 Yo
Stage I Stage II Stage 111

Fig. 19. Stages of re-loading tensile stress-strain curves.

Fig. 20. Crack pattern of the re-loaded specimen of M-50-2.25%.

specimen both before and after healing due to the larger crack widths
and higher crack numbers (Fig. 17a). M-50-0.5% exhibits a reduction in
RF of 7.0%, while M-50-4.5% shows a reduction of 37.5%. The recovery
of specimens occurs with increasing wet-dry cycles, while the RF re-
covers more significantly in the first 2-3 wet-dry cycles and stabilizes
thereafter. The RFs of healed M-50-0.5%, M-50-2.25% and M-50-4.5%
recover to 98%, 86% and 76% of the virgin specimen, respectively. The
hydration products during the wet-dry cycle accumulate at the crack
surface, preventing the growth of hydration products inside the micro-
crack, which hinders the further RF recovery of those highly strained
specimens (e.g., M-50-2.25% and M-50-4.5%). Nonetheless, the
permeability of pre-cracked specimens will still benefit from the surface
healing of the cracked specimens. The permeability coefficients of
healed M-50-0.5%, M-50-2.25% and M-50-4.5% decrease by 97%, 92%
and 86% of the pre-loaded specimen before healing, respectively
(Fig. 15).

The relation between the extent of self-healing and pre-loading strain
level of the LWHS-ECC specimens after the wet-dry cycle is shown in
Fig. 17b. The RF recovery ratio increases with increasing pre-loading
strain levels. However, the ultimate self-healing status of M-50-4.5% is
notably lower than those of the specimens with lower pre-loading de-
formations (M-50-0.5%, 1.0%) due to its larger crack width and higher
crack numbers, which limits the extent of crack self-healing (Fig. 16b).

11

4.5.3. Mechanical performance recovery

The reloading tensile stress-strain curves of healed LWHS-ECC
specimens are shown in Fig. 18. All specimens with different pre-
loading strains (0.5%, 1.0%, 2.25% and 4.5%) exhibit robust strain-
hardening performance (Fig. 18a—c). It should be pointed out that the
residual strain induced during the pre-loading stage is not accounted for
in these reloading stress-strain curves. The residual crack width is
approximately half of crack width at the loading state, which leads to a
notable strain capacity uncounted for in highly strained specimens of M-
50-4.5% (Fig. 18c and d). The tensile strength of re-loaded specimens
increases with the pre-loading strain levels (Fig. 18d). The water pene-
trates through cracks into the LWHS-ECC matrix to enhance the inter-
facial bond stress and thus the tensile strength of LWHS-ECC (Fig. 18e).
The more pre-cracks or higher pre-cracking strain level, the higher the
ultimate tensile strength of healed LWHS-ECC.

The re-loading tensile stress-strain curves can be divided into three
stages (Fig. 19). Stage I corresponds to the re-cracking of healed cracks
filled with re-hydration products; Stage II corresponds to the opening of
these cracks, and Stage III represents the addition of new multiple
cracks. The stiffness of the re-loading specimens decreases from Stage I
to Stage III due to the reopening of pre-cracks in Stage II and newly
formed micro-cracks in Stage III. Further, the stiffness of LWHS-ECC
specimens at Stage II decreases with increasing strain levels (Fig. 18d)
due to a higher number of crack reopening, while the stiffness of LWHS-
ECC specimens at Stage III increases with strain levels (Fig. 18d) due toa
higher enhancement of fiber-matrix interfacial bond stress in highly
strained specimens.

The crack pattern of the re-loaded specimen is shown in Fig. 20. The
pre-loaded cracks are filled with white residue after healing. Newly-
formed micro-cracks occur in the other areas of the gauge length dur-
ing Stage III.

The tensile parameters of re-loaded LWHS-ECC specimens are sum-
marized in Fig. 21. Both the ultimate and initial cracking tensile stresses
increase with higher pre-cracking strain levels due to increased re-
hydration of the LWHS-ECC matrix, which enhances the matrix frac-
ture toughness and interfacial bond stress between fiber and matrix. The
ultimate strength increases from 7.34 MPa of virgin specimens to 8.67
MPa of M-50-2.25% and 10.12 MPa of M-50-4.5%, an increase of 38%
(Fig. 21a). The initial cracking stress increases from 4.18 MPa of the
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Fig. 21. Tensile parameters of reloaded specimens after self-healing.

virgin specimen to 4.59 MPa of M-50-4.5%, with an increase of 10%
(Fig. 21a). The tensile strain capacity of re-loaded specimens remains at
6% up to M-50-2.25% and decreases slightly to 4.6% of M-50-4.5% due
to the significant residual strain of M-50-4.5% after unloading
(Fig. 21b). The strain energy density shares a similar trend with strain
capacity, which increases slightly from 305 kJ/m® of the virgin spec-
imen to 338 kJ/m? of M-50-2.25% (an increase of 11%) and decreases to
259 kJ/m® of M-50-4.5% (a decrease of 15%, Fig. 21¢).

The tensile performances of healed LWHS-ECC vary with the pre-
loading strains. Remarkably, the tensile strengths (ultimate and initial
cracking strength) increase steadily with increasing pre-loading strains
and are higher than those of virgin specimens. The LWHS-ECC demon-
strates vigorous self-healing ability even up to 2.25% or 4.5%.

5. Conclusions

Lightweight high-strength engineered cementitious composite
(LWHS-ECC) combining high tensile strength, lightweightedness and
self-healing is attractive for resilient and durable infrastructures. The
lightweightedness and self-healing characteristics of LWHS-ECC are
realized by synergistic utilization of crumb rubber (CR) and hollow fly
ash cenosphere (FAC) particles. Physical and mechanical performances
of LWHS-ECC were assessed. The self-healing ability of pre-cracked
LWHS-ECC under wet-dry cycles was evaluated. The detailed conclu-
sions are drawn as follows.

1. FAC particles act as the lightweight fillers to reduce the density and
the fracture toughness of LWHS-ECC matrix. CR particles act as both
artificial flaws and lightweight particles to reduce matrix fracture
toughness, activate more microcracks and limit crack width to
ensure the self-healing potential of LWHS-ECC. The density and
compressive strength of LWHS-ECC decrease with increasing amount
of lightweight particles.

2. All LWHS-ECC specimens exhibit robust strain-hardening perfor-
mance. The mechanical parameters, including the tensile strength,
strain capacity, specific tensile strength and strain energy density
decrease with the increasing proportion of lightweight particles. The
specific tensile strength of LWHS-ECC is higher than that of M45
PVA-ECC. The decrease in strain capacity is caused by the reduction
in crack width. Particularly, the crack width of M — 50 at ultimate
tensile strength is around 50 pm, comparable to the value of PVA-
ECC and endows M — 50 the self-healing potential.

3. The LWHS-ECC specimens demonstrate vigorous self-healing ability
in mechanical and water transport properties. All healed specimens
demonstrate stable strain-hardening behavior with newly-formed
cracks. The tensile strengths of healed LWHS-ECC specimens are
higher than those of virgin specimens. The wet-dry cycles notably
recover the RF and permeability of LWHS-ECC specimens due to the
accumulation of hydration products in the crack.

The self-healing performance of LWHS-ECC was conducted in the
unloaded state in this study. Further investigation on the self-healing
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performance under the loaded state is warranted in future research. In
addition, the current self-healing investigation of LWHS-ECC is con-
ducted with external water supply. The self-healing performance of
LWHS-ECC specimens under low humidity environments with internal
water source from super absorbent polymers remains to be investigated
[41].
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