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� A sustainable ECC was developed using LC3 cement and PP fiber.
� The strain capacity of LC3-ECC (6%) is substantially higher than that of PP-ECC in the literature.
� LC3-ECC retains strength enhancement and no ductility loss after self-healing subsequent to 2% tensile straining.
� LC3-ECC reduces 61% of material cost, 45% of energy consumption, and 48% of carbon emission compared to M45-ECC.
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a b s t r a c t

While the ultrahigh tensile ductility and superior durability of Engineered Cementitious Composites
(ECC) have been demonstrated, the relatively high energy and carbon intensity, as well as high material
cost present potential impediments to broader ECC applications. The objective of this research is to
develop a more sustainable and cost-effective ECC. The ordinary Portland cement (OPC) and the com-
monly used PVA fiber in conventional ECC were replaced by limestone calcined clay cement (LC3) and
polypropylene (PP) fiber, respectively. The ECC compressive strength, tensile stress-strain relationship,
and microcrack self-healing behavior were studied at three water to binder ratios (0.3, 0.2, 0.16). The
novel LC3-PP-ECC showed a tensile strain capacity of greater than 6% and an intrinsically tight crack
width below 82 lm when loaded to 1% tensile strain. Further, the LC3-PP-ECC demonstrated efficient
recovery of the composite tensile ductility and ultimate tensile strength through self-healing.
Compared to typical ECC made with OPC and PVA fiber, the material cost, embodied energy and carbon
footprint of LC3-PP-ECC are reduced by 61%, 45%, and 48%, respectively. The superior mechanical prop-
erties and durability combined with the low environmental impact and cost for material production pro-
mote LC3-PP-ECC as a sustainable material for structural and non-structural applications.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is the most widely used construction material,
accounting for about 80% by weight of all engineering materials
[1]. There are environmental concerns of concrete due to its use
of Portland cement as a binder, which contributes 5–8% of the total
anthropogenic CO2 emissions [2]. The need for repeated repairs of
concrete structures during its long service life (50–100 years)
further adds to the concern of infrastructure sustainability. There
is a clear demand for construction materials that combine high
durability, low carbon and energy footprints, and high cost-
effectiveness.

Engineered Cementitious Composites (ECC), a strain hardening
fiber-reinforced cement-based composite extensively studied
[1,3,4], is emerging in a variety of infrastructure applications [5–
7]. Under tensile load, ECC suppresses brittle fracture in favor of
tensile ductility several hundred times that of ordinary concrete
[8]. During tensile strain-hardening, microcracks less than
100 lm are formed. The intrinsically tight crack width substan-
tially enhances the structural durability of ECC [9]. However, for
most ECC compositions previously studied, the high volumes of
cement and polymeric fibers led to significant energy and carbon
footprint, in addition to a high material production cost [9,10].

Supplementary cementitious materials (SCM) such as fly ash
(FA), slag, and silica fume have been extensively used in ECC
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[1,6,9,11–13]. Their use can reduce the carbon and energy foot-
prints. In particular, FA has been commonly adopted due to its
broad availability and contribution to robust tensile ductility of
ECC. The most studied M45-ECC, for example, uses FA in the
amount of 1.2 times that of OPC. Despite this high SCM content,
the CO2 emission and embodied energy [13] remains high, 1.6
and 2.7 times that of conventional concrete. Hence, it is desirable
to further lower the carbon and energy footprints of ECC by adopt-
ing a low carbon cement.

Calcined clay limestone cement (LC3) is an emerging alternative
cement that mitigates the environmental impacts for concrete pro-
duction [14,15]. Compared to ordinary Portland cement (OPC), LC3
has been proven to reduce the binder carbon emissions by 20%–35%
[2,16], the energy consumption by 22% [17], and the material costs
by 15–25% [2,16]. The abundance of clay and limestone worldwide
assures supply chain continuity [14]. Studies show that themixture
LC3-50 (50% clinker, 30% calcined clay, 15% limestone, and 5% gyp-
sum) gives comparable mechanical properties with OPC in concrete
or mortar [18]. LC3 cement paste possesses a finer pore structure
than OPC paste. Additionally, concrete durability can be improved
using LC3 with respect to chloride ingress, alkali-silica reaction,
water sorptivity, gas permeability, and carbonation [18,19]. LC3
cement could be produced in existing plants, and the industrial
scalability has been demonstrated in India [20] and Cuba [16].

Though LC3 cement has not been used in ECC compositions, the
addition of limestone (LS) or metakaolin (MK) separately in ECC
has attracted attention. Turk [21] suggested that the replacement
of sand with limestone improved the tensile ductility and durabil-
ity of ECC. Zhou [12] found that with increasing limestone power
content, the ductility of ECC first increased and then decreased.
Siad [22] suggested that LS increased the deflection-hardening of
ECC. MK improved the fiber distribution performance of ECC and
increased the ductility [23,24]. Zheng [25] found that a combina-
tion of 90% cement, 5% MK, and 5% LS increased the tensile ductility
and decreased the crack width, while Özbay suggested that using
MK resulted in larger crack widths [26]. Thus, the viability of ECC
using LC3 appears feasible and warrants further research.

High-tenacity polypropylene (PP) fiber was studied as an alter-
native to Polyvinyl Alcohol (PVA) fiber because of its lower cost
and energy intensity [3]. PP ECC was found to have ductility (3%
strain capacity) comparable to that of PVA ECC [27]. ECC with
hybrid PVA and PP fibers showed improved ductility with lower
strength [28]. Though the average crack width of PP-ECC
(134 lm) is larger than PVA ECC (50 lm) [3,24], PP fiber remains
a potential substitute for PVA fiber for developing sustainable
ECC, under the assumption that the crack width could be reduced.
There is a need to investigate the feasibility of PP fiber working
with the LC3 cement matrix, especially for assuring robust tensile
strain-hardening behavior and tight crack width.

The objective of this research is to develop a sustainable ECC
using LC3 cement and PP fiber. The sustainable LC3-ECC features
lower embodied energy and carbon, and lower cost than those of
conventional PVA-ECC, while retaining high tensile strain capacity,
low crack width, and robust self-healing ability. To develop LC3
based ECC for different strength applications, three water to binder
ratios were prepared. The composite compressive strength, tensile
properties, crack bridging behavior, self-healing, and environmen-
tal impact were investigated and reported here.
2. Experimental program

2.1. Materials and mix proportions

Type Ι ordinary Portland cement (OPC, Lafarge Holcim Cement
Co., MI, USA) conforming to ASTM C150 [29] was used. Fly ash
(FA, Boral Material Technologies Inc) was adopted as the SCM.
The metakaolin (MK) and limestone (LS) are commercially avail-
able as Sikacrete� M-100 (Sika Corporation, USA) and Snowhite�

12–PT (Omya Canada Inc). Superplasticizer (SP, MasterGlenium
7920, BASF) was adopted as a water reducer. The PP fiber Brasilit
(from Saint-Gobain Brazil) has 12 lm diameter, 10 mm length, 6
GPa Young’s modulus, and 850 MPa tensile strength.

The chemical compositions and X-ray diffraction patterns of the
OPC and LC3 ingredients (MK, LS) can be found in Table 1 and
Fig. 1, respectively, while their particle size distributions can be
found in Fig. 2. Scanning electron microscope (SEM) images of
these ingredients can be found in [30–32]. The LC3 used in this
study is blended with 55% OPC, 30% MK, and 15% LS. The XRD
results (Fig. 1) show that the main mineral of LS was calcite, while
MK presents a hump pattern due to its highly amorphous property.
This differs from the XRD result of the commercially premixed
limestone-calcined clay (LCC) [33] that shows impurities besides
MK and LS.

Table 2 lists the mix proportions in this study, in which three
water/binder ratios (W/B = 0.3, 0.2, and 0.16) were designed for
different grades of composite strength [5,34]. LC3 cement compris-
ing 55% OPC, 30% MK, and 15% LS was used for developing sustain-
able ECC, and conventional OPC-ECC was prepared as the control.

To prepare specimens, all dry ingredients (OPC, MK, LS, and FA)
were mixed in a 4-liter mortar mixer at 100 rpm for 10 min. The
mixing time is longer than that for conventional OPC-ECC
(5 min) to ensure sufficient blending of LC3 cement. The water pre-
mixed with SP was then added to the dry ingredients which were
further mixed for 6 min at 100 rpm. The composite mixture was
finalized by adding PP fibers and mixing at 150 rpm for an addi-
tional 6 min.

2.2. Test methods

2.2.1. Mechanical performance tests
The fresh mixtures were cast into 50 � 50 � 50 mm3 cubes and

dogbone-shaped molds. The geometry of the dogbone-shaped
specimen is shown in Fig. 3 with a thickness of 13 mm. After
28 days curing in air (20 ± 3 �C, 40 ± 5% RH), cube specimens were
tested in compression following ASTM C109 [36]. Uniaxial tension
test was performed with the dogbone-shaped specimens (follow-
ing [3,37]) on an Instron servo-hydraulic system at a rate of
0.5 mm/min. The deformation was measured by two linear vari-
able displacement transducers (LVDT) with an 80 mm gauge
length.

During the tensile test, the crack numbers were recorded man-
ually when the dogbone specimen reached 1%, 2%, and 3% strain
levels. Then the average crack width (CW) was measured by divid-
ing the tensile elongation by crack number [38], assuming negligi-
bly small elastic deformation of the material between the sub-
parallel cracks.

To prepare a single-notch tensile specimen, a reduced section
(Fig. 3 insert) was introduced into a dogbone-shaped specimen
with a diamond saw (0.5 mm thickness). During tensioning, fiber
bridging stress (the measured tensile load divided by the remain-
ing ligament cross-sectional area after notching) was obtained as
a function of the crack opening monitored by two LVDTs attached
to the specimen [4].

Three specimens of each Mixture ID in Table 2 were tested for
compressive strength, uniaxial tension test, and single crack test,
and their average values were set as the representative results.

2.2.2. Self–healing test
Prior studies demonstrated that the intrinsically tight crack

width together with the presence of unhydrated cement grains
promoted the autogenous healing of ECC [39]. However, with the



Table 1
Chemical compositions of OPC, MK, and FA.

Material CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O TiO2 MnO P2O5

OPC 67.5 17.7 4.2 3.7 3.6 2.0 0.6 0.3 0.1 0.1
MK 0.0 50.8 46.6 0.5 0.1 0.0 0.3 1.7 0.0 0.0
FA 3.4 52.2 22.2 13.5 2.2 0.9 2.6 1.0 0.0 0.1

Note: LS is a highly pure CaCO3 powder, and the main composition is CaO (Fig. 1).

Fig. 1. X-ray Diffraction analysis of OPC, MK, and LS.

Fig. 2. Particle size distribution of binder ingredients (OPC, FA, MK, and LS).

Fig. 3. Dimensions of the dogbone-shaped ECC specimen for uniaxial tension and
single-crack test. (Unit: mm). For the single-crack test, specimens were pre-notched
as shown on the right.
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replacement of OPC by LC3, LC3-ECC is expected to have a lower
amount of unhydrated cement. Further, the crack width perfor-
mance is unknown. To evaluate the self-healing performance of
LC3-ECC, the resonant frequency and tensile performance of healed
specimens were measured and analyzed.

After 28 days curing in air (20 ± 3 �C, 40 ± 5% RH), dogbone-
shaped specimens of both W03-LC3 and W03-OPC were
Table 2
Mixture proportions of ECC (kg/m3).

Mixture ID OPC MK LS FA

W03-OPC 490 0 0 1078
W02-OPC 490 0 0 1078
W16-OPC 490 0 0 1078
W03-LC3 270 147 74 1078
W02-LC3 270 147 74 1078
W16-LC3 270 147 74 1078

a Volume fraction.
b Average flow diameter (unit: mm) tested per ASTM C1437 [35]. The fresh property
c Bulk density [33]. Specimens were measured after 28 days curing in air.
pre-tensioned to 1% and 2% strain level. The pre-cracked specimens
were then exposed to a wet-dry cycles comprising 24-h water
immersion and 24-h air drying. Three specimens were tested in
each batch of W03-LC3-1%, W03-LC3-2%, W03-OPC-1%, and
W03-OPC-2%. After 7 wet-dry cycles, the pre-cracked specimens
were tested under uniaxial tension until failure. The tensile
strength and strain capacity were used to evaluate the self-
healing performance.

The resonant frequency (RF) technique has been proven to be a
good gauge to evaluate the material damage and the degree of
healing [39–41]. Fig. 4 depicts the protocol of RF measurement
according to the ASTM C215 [42]. The dogbone-shaped specimen
was placed on a rubber plate and impacted by a needle hammer.
The sensor monitored the signals generated by impacting, and then
the RF was calculated by the resonance tester (Olson, model RT-1).
PPa Water SP db Density c

2% 470 2.00 190 1905
2% 314 8.50 178 2051
2% 251 16.4 170 2105
2% 470 4.00 185 1790
2% 314 13.60 173 2005
2% 251 22.70 165 2035

in this work is consistent with [33], assuring the good fiber dispersion.
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Both the virgin specimens and cracked specimens were measured
before each wet cycle.

A ‘‘Normalized RF” is proposed to measure the RF recovery
degree and is calculated by the following equation:

Normalized RF ¼ RFcracked

RFvirgin
� 100% ð1Þ

where RFcracked is the RF of the pre-loaded specimen, which varies
with the number of wet-dry cycles. RFvirgin is the RF of the specimen
before pre-cracking.
Fig. 5. Compressive strength of OPC-ECC and LC3-ECC at 28d.
3. Results and discussions

3.1. Compressive strength

The compressive strength of OPC-ECC and LC3-ECC at 28d is
presented in Fig. 5. When the W/B ratio decreases from 0.3 to
0.16, the compressive strength of LC3-ECC increases from 20 to
47.3 MPa, which is comparable to the compressive strength of high
volume limestone calcined clay (LCC) ECC [33]. Similarly, the com-
pressive strength of OPC-ECC increases from 28.6 to 53.6 MPa.
Though the composite compressive strength is lower for LC3-ECC
than OPC-ECC at the same W/B ratio, the strength difference
becomes smaller as W/B decreases. The strength ratio of LC3-ECC
to OPC-ECC is 70% at W/B of 0.3, but increases to 86% at W/B of
0.16.

The water for hydration affects the composite strength. The low
W/B ratio (0.2, 0.16), along with the air curing condition (rather
than in a 100%RH chamber) may lead to insufficient moisture for
complete hydration of cement. However, Avert [43] attests that
the internal relative humidity of the specimen decreases less in
the LC3 mixture than that in the OPC mixture. In other words, less
water is consumed in LC3 cement than in OPC. Since LC3 contains
Fig. 4. Resonance frequency test set-up.
55% OPC, 30% MK, and 15% LS, the effective water to cement ratio
of LC3 is nearly twice that of OPC [44]. Hence, despite the low W/B
ratio (0.16) and air curing, LC3-ECC attains a higher degree of
hydration than OPC-ECC, leading to a smaller strength difference
between LC3-ECC and OPC-ECC at W/B of 0.16.

Distinct from the lower strength of ECC with LC3 as the binder,
concrete mixed with LC3 cement does not show obvious strength
reduction compared with the OPC-concrete [14,18,19]. Though
LC3 cement (comprising 55%OPC, 30%MK, 30%LS) has lower OPC
cement, the pozzolanic effect of MK contributes to the strength
increase by reacting with the calcium hydroxide (CH) [14,45] pro-
duced by OPC hydration [46]. Thus, though the cement volume is
reduced, the compressive strength of LC3 based concrete is compa-
rable to that of OPC based concrete. However, due to the large vol-
ume of FA used in the ECC mixture, the binder of the LC3-ECC
mixture only contains 17% of OPC, much lower than the ratio in
conventional concrete/mortar [14,18,19]. Hence, the CH quantity
generated by OPC hydration in the LC3-ECC mixture is less than
that in the concrete mixture, limiting the pozzolanic reaction of
MK and decreasing the strength contribution. Another reason is
the competitive consumption of CH between FA and MK [47].
The weight of FA is more than 7 times of MK in ECC mixtures as
shown in Table 1, so FA would consume more CH than MK. The
insufficient CH reacting with MK further impedes the strength
increase.
3.2. Tensile performance

Fig. 6 depicts the uniaxial tensile stress-strain curves of OPC-
ECC and LC3-ECC. The stress corresponding to the first crack is
named ‘‘first crack strength (f 0Þ”; The peak stress approaching
specimen failure is named ‘‘ultimate tensile strength (f u)”, and
the corresponding strain is defined as ‘‘tensile strain capacity
(et)”. Table 3 lists the characteristic values of tensile performance
for the mixtures in this study, where r0 is the maximum fiber
bridging stress obtained from single-crack tests described in
Section 3.3.

Similar to the trend of compressive strength, the first crack ten-
sile strength and ultimate tensile strength of LC3-ECC are lower
than those of OPC-ECC at the same W/B ratio. The tensile strength
data scatter is higher for OPC-ECC than that for LC3-ECC (Fig. 6).
The ultimate tensile strength is determined by maximum fiber-
bridging stress, which is affected by fiber dispersion [48]. The
increased viscosity of the matrix of LC3 cement promotes fiber dis-



Fig. 6. Tensile stress-strain relationships of OPC-ECC and LC3-ECC.

Table 3
Tensile properties of OPC-ECC and LC3-ECC.

Mixture f 0 (MPa) f u (MPa) r0 (MPa) et (%) r0=f 0

W03-OPC 2.1 3.4 3.6 3.7 1.7
W02-OPC 2.6 4.0 4.5 1.1 1.7
W16-OPC 3.9 4.8 5.3 0.6 1.4
W03-LC3 1.4 2.5 3.2 6.0 2.3
W02-LC3 1.7 3.3 4.4 7.1 2.6
W16-LC3 2.0 3.8 5.3 8.9 2.7
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persion effect [49], resulting in a smaller scatter of the ultimate
tensile strength of LC3-ECC.

For W03-OPC, the tensile strain capacity is 3.7% which is com-
parable to other ECC mixtures with PP fibers [3]. However, the ten-
sile strain capacity decreases dramatically to only 0.6% at a W/B
ratio of 0.16. Fig. 7 (a–c) shows that smaller crack numbers are
observed as the W/B ratio decreases, which accounts for the ductil-
ity reduction. However, the strain capacity of LC3-ECC is higher
than that of OPC-ECC. LC3-ECC reveals a robust strain hardening
behavior at three W/B ratios (0.16, 0.20, and 0.30). In contrast to
OPC-ECC, the tensile strain capacity of W03-LC3 is 6.0% and
increases to 8.9% for W16-LC3. This is substantially higher than
the tensile strain capacity reported for LCC-ECC (0.57–1.58%)
[33]. The ultimate tensile strength (2.5–3.8 MPa) meets the tensile
strength requirement of common concrete applications.

The crack width (CW) represents one of the limitations of ECC
reinforced with PP fibers. The CW (86.7–144.0 lm) of W03-OPC
and W02-OPC in Table 4 is consistent with the published CW data
on PP-ECC (95–151 lm) [3]. However, the CW is much larger than
that of PVA-ECC (50–80 lm) [1]. Compared to OPC-ECC, ECC mixed
with LC3 reduces the CW. At tensile strains of 1–3%, the CW of
W03-LC3 is smaller than that of W03-OPC. W02-LC3 and W16-
LC3 further reduce the CW to approximately 60–85 lm, which is
comparable with that of typical PVA-ECC (50–80 lm) [1].

Table 4 shows that the crack spacing (dividing the gauge length
by the crack number) becomes smaller as the strain increases, as
expected. The smaller crack spacing of LC3-ECC represents a higher
density of microcracks compared to that of OPC-ECC. When W/B
decreases from 0.3 to 0.16, the crack spacing also decreases from
8.2 to 6.0 mm (at 1% strain), 5.3 to 4.0 mm (at 2% strain), and 4.3
to 2.8 mm (at 3% strain). LC3-ECC shows saturated multiple cracks
and denser cracks (Fig. 7), while the crack numbers of OPC-ECC are
significantly less than LC3-ECC.

The composite tensile strain capacity and crack width control
ability were enhanced by the use of LC3 in place of OPC for produc-
ing PP-ECC [23,50–55]. The enhanced ductility and tight crack
width are anticipated to improve the service life of ECC. Based on
a steel corrosion model [56], the service life of a 3.0% strain capac-
ity ECC was 60 years. A 6.0% strain capacity would imply a service
life more than 120 years. LC3-ECC has advantages of increasing the



Fig. 7. Crack patterns of uniaxial tension specimens.

Table 4
Average crack width and spacing at tensile strains of 1%–3%.

Mixture Crack width (lm) Crack spacing (mm)

1% 2% 3% 1% 2% 3%

W03-OPC 86.7 115.5 144.0 8.7 5.8 4.8
W02-OPC 101.2 – – 10.1 – –
W16-OPC – – – – – –
W03-LC3 81.6 105.7 127.8 8.2 5.3 4.3
W02-LC3 68.8 82.7 86.5 6.9 4.1 2.9
W16-LC3 60.0 80.7 83.8 6.0 4.0 2.8
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service life and decreasing the repair/maintenance frequency,
improving sustainability due to lower long-term material cost,
and carbon and energy footprints.

3.3. Single-crack test results

The fiber bridging stress (r0) and crack opening results are
shown in Fig. 8 and listed in Table 3. The maximum fiber bridging
stress of OPC-ECC increases from 3.6 MPa to 5.3 MPa when W/B
decreases from 0.3 to 0.16. r0 of LC3-ECC ranges from 3.2 MPa to
5.3 MPa. Though LC3-ECC has a lower compressive strength than
OPC-ECC, the maximum fiber bridging stress is nearly identical at
the same W/B ratio. The compressive strength is determined by
matrix while the fiber bridging stress is governed by fiber-matrix
bonding strength and the amount of fiber bridging in the crack sec-
tion. In principle, the maximum bridging stress r0 and the compos-
ite ultimate tensile strength f u should be identical. In practice,
however, the f u will be lower than r0since the composite will fail
by localizing fracture on the plane with the lowest amount of fiber
when fiber dispersion is non-uniform. This observation is reflected
by the lower values of f u compared to r0 in Table 3 for all mixes.

A lowerW/B ratio may be expected to reduce the porosity of the
matrix. The densified matrix increases the strength and results in a
higher fiber-matrix interfacial frictional bond, which further
increases the fiber bridging stress, as revealed in Fig. 8 and Table 3.
To attain a robust strain-hardening performance, a larger margin
between fiber bridging stress and the first crack strength is pre-
ferred. The strength index of r0=f 0 was proposed as 2 for the PP-
ECC system to attain multiple cracking [27]. As listed in Table 3,
r0=f 0 of OPC-ECC decreases from 1.7 to 1.4 when W/B decreases
from 0.3 to 0.16. The narrowing margin accounts for the ductility
loss of W16-OPC due to fewer cracks, which is consistent with
the results in [57]. In contrast to OPC-ECC, the decreased W/B ratio
of LC3-ECC results in an increased r0=f 0 from 2.3 to 2.7. The
increased margin of LC3-ECC promotes W02-LC3 and W16-LC3
multiple cracking, consistent with the increased ductility in
Fig. 8. Fiber bridging stress and crack openin
Fig. 6. According to the micromechanical fiber bridging model
[3,4], a higher fiber-matrix interfacial frictional bond leads to a
smaller crack opening (at the same stress level), which is also
revealed in Fig. 8. The bridging model results can account for the
observed smaller CW of W16-LC3 than W03-LC3.
3.4. Self-healing performance

3.4.1. Resonant frequency (RF) recovery of LC3-ECC and OPC-ECC
Fig. 9 plots the normalized RF of OPC and LC3 after healing.

After 1% pre-cracking strain, the RF loss is comparable for W03-
OPC (80%) and W03-LC3 (75%). However, W03-OPC-2% has a larger
RF reduction to 55% than W03-LC3-2% (73%) because of its larger
crack width. The RF of W03-OPC increases continuously during
the 7 wet-dry cycles, while most healing of W03-LC3 occurs in
the first 3 cycles. Note that it is possible for normalized RF to be
higher than 100% due to continued hydration of the composite dur-
ing the wet-dry cycles. According to [39,41,58], continued hydra-
tion of unhydrated cementitious materials and carbonation of
calcium hydroxide are the dominant autogenous healing mecha-
nisms of ECC. Because the unhydrated cementitious material of
W03-LC3 is less than W03-OPC, the RF for W03-LC3 shows negligi-
ble recovery after the third cycle.

The healing effect is mainly determined by the unhydrated
cement and crack width (CW). With respect to 1% pre-cracking
strain, though the CW of W03-LC3 (81.6 lm) was slightly lower
than W03-LC3 (86.7 lm), the RF recovery of W03-LC3 was smaller
than W03-OPC-ECC due to a relatively high content of unhydrated
cement in W03-OPC. However, at a 2% pre-cracking strain, the RF
recovery of W03-LC3 (90%) was higher than that of W03-OPC
(86%). Large CW hinders autogenous healing, and no healing recov-
ery would occur when the CW exceeds the threshold. Though the
maximum allowable CW varies between mixtures and healing
environment, it was proposed to control the crack width under
150 lm, and possibly 50 lm [39,59]. The smaller CW of W03-
LC3 demonstrates the slightly higher RF recovery than W03-OPC.
g relationships from single-crack tests.



Fig. 9. Normalized RF of OPC and LC3 based ECC at 1% and 2% preload strain levels.

Table 5
Ultimate strength and strain capacity after 7 wet-dry cycles.

Pre-crack strain level W03-OPC W03-LC3

f u (MPa) et (le) f u (MPa) et (le)

0% 3.4 3.7 2.5 6.0
1% 4.5 3.7 3.4 5.6
2% 4.4 2.8 3.5 5.6
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3.4.2. Tensile performance recovery of LC3-ECC and OPC-ECC
After 7 wet-dry cycles, the pre-cracked specimens were re-

tested in direct tension. Table 5 lists the ultimate strength and
strain capacity after healing. Fig. 10 plots the comparative stress-
strain response at all pre-cracking strain levels after 7 wet-dry
cycles. Because the continued hydration increases the fiber/matrix
interfacial frictional bond [59,60], the maximum bridging stress is
increased, resulting in a higher ultimate tensile strength for the
self-healed specimen than the virgin specimen at 28d.

The W03-LC3 shows significant advantages in post-healed ten-
sile strain capacity. The W03-LC3 maintained 5.6% tensile strain
capacity, 94% of virgin specimens, after experiencing 2% pre-
cracking strain and 7 wet-dry cycles. The W03-OPC retained 2.8%
tensile strain capacity, lower than the strain capacity of the virgin
specimens. The high strain capacity and the tight crack width of
Fig. 10. Stress-strain response of pre-cracked specimens (a) O
the virgin W03-LC3 both contribute to the strain capacity after
healing.

The healing degree of cracks is affected by crack width. Figs. 11
and 12 present the images of cracks before and after the wet-dry
exposure. Both W03-LC3 andW03-OPC reveal full healing for crack
width below 30 lm, partial recovery for crack width between 30
and 50 lm, and negligible healing for crack width larger than
50 lm, consistent with observations in previous studies [39,59].

The majority of concrete structure deformation due to shrink-
age, thermal, and mechanical loading is expected to be substan-
tially below 2% strain. The self-healing results indicated that the
novel LC3-ECC was able to retain a 5.6% tensile strain capacity at
2% strain level after self-healing which secures a good structural
durability.
PC based, and (b) LC3 based ECC after 7 wet-dry cycles.



Fig. 11. The appearance of cracks of OPC-ECC before (top row) and after healing (bottom row) (Measured by a HIROX microscope, Model: CX-5040RZ).
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3.5. Sustainability of LC3-ECC

To evaluate the sustainability of LC3-ECC, Material Sustainabil-
ity Indicators (MSI) were adopted from the perspective of embod-
ied energy, carbon footprint, and material cost [9,10]. Embodied
energy [61] is the total energy required to manufacture the mate-
rial, and carbon footprint [62] represents the total amount of
greenhouse gases (CO2 herein) associated with material produc-
tion, including the extraction, processing, fuel combustion, and
transportation, etc. TheMSI data of ECC ingredients listed in Table 6
are the average estimated values from the literatures. Figs. 13–15
plots the total MSI for LC3-ECC and OPC-ECC. The results are based
on W03-LC3 and W03-OPC with PP fiber. The MSI of conventional
Fig. 12. The appearance of cracks of LC3-ECC before (top row) and after healin
concrete and M45-PVA-ECC [37] were adopted as the benchmark
for LC3-PP-ECC.

The M45-ECC matrix is typically formulated with OPC (583 kg/
m3), FA (700 kg/m3), silica sand (467 kg/m3), and water (298 kg/
m3) with the addition of SP (0.015 kg/m3) for achieving adequate
workability. PVA fiber is normally added at 2 vol% to form ECC
[37]. At the standard 28 days, M45-ECC has a 40 MPa compressive
strength, 4.5 MPa ultimate tensile strength, and 3% tensile strain
capacity. Due to the relatively high cement dosage, the carbon
footprint of M45-ECC is nearly twice that of typical concrete. By
introducing LC3 in place of OPC, the composite carbon footprint
was lowered to 90% of concrete and 67% of the ECC M45 due to
the substantial reduction of OPC usage. The embodied energy of
g (bottom row) (Measured by a HIROX microscope, Model: CX-5040RZ).



Table 6
The embodied energy, carbon footprint, and material cost of the ECC ingredients.

MSI LC3 OPC FA PP PVA Sand SP water

Energy (GJ/ton) 4a 5.5b 0 77.24c 101b 0.067b 35b 0
CO2 (kg/ton) 560a 900b 0 3100d 3400f 23.3b 1667b 0
Cost ($/ton) 40.3a 48b 25.6b 6335e 12670b 63.9b 1211b 1.5

a Data from [16].
b Data from [1,37].
c Data from [63].
d Data from [53].
e Cost was estimated as half of PVA fiber [3,27].
f Data from [6].
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ECC M45 is higher than that of conventional concrete due to the
incorporation of PVA fibers. In particular, the embodied energy of
M45-ECC made with PVA fiber was 2.4 times that of conventional
concrete while over half of the embodied energy was attributed to
PVA fiber. By utilizing PP fiber in place of PVA, OPC-PP-ECC reduces
embodied energy down to 150% of concrete. The adoption of LC3
cement in place of OPC further cuts its embodied energy to 129%
of concrete and 55% that of M45-ECC.

High volume limestone calcined-clay (HVLCC) was used as an
alternative binder to FA in ECC [33]. The mixture L80S20W40
reported in [33] was chosen for carbon and energy footprint com-
parison since the mechanical performance and the cement dosage
are comparable to the W03-OPC version in this study. The carbon
Fig. 13. The carbon footprint of LC3-ECC and other common materials.

Fig. 14. Energy consumptions of LC3-ECC and other common materials.
footprint of HVLCC ECC is approximately 60% of M45-PVA and
80% of OPC-PP (Fig. 13) due to the low carbon contribution of
LCC. However, the carbon footprint of HVLCC ECC is higher than
the developed LC3-PP ECC in this study. For the embodied energy
(Fig. 14), HVLCC ECC does not show an advantage over M45-ECC
because of the higher energy of HVLCC than FA. Since LC3-PP ECC
adopted LC3 cement as well as FA as the binder system, it emits
only 74% of CO2 and consumes 50% of energy of HVLCC ECC.

The costs of LC3-ECC and OPC-ECC are similar regardless of the
low cost of LC3 cement because fiber contributes to the main cost
of ECC. The cost of LC3-PP-ECC was found to be only 39% of M45-
ECC due to the coupled use of PP fiber and LC3 cement. Though the
cost of LC3-ECC ($166/m3) is higher than concrete ($108/m3), LC3-
ECC can still be competitive due to its ductility and durability
advantages when reduced repair frequencies are accounted for.

The MSIs discussed above focus on analyzing sustainability at
the ECC materials level. For a more precise sustainability metric,
a life cycle assessment (LCA) model could be utilized. The LCA
models based on OPC-ECC demonstrated significant advantages
in environmental performance and materials cost over the lifecycle
[7,64]. The most important source of energy and CO2 savings are
derived from the lowering traffic change, and the second is from
a reduction of material usage associated with less frequent repair
events. LC3-ECC has larger strain capacity, better self-healing abil-
ity, and is much greener than OPC-ECC. Although a complete LCA
model of LC3-ECC is beyond the scope of this study, infrastructure
using LC3-ECC is expected to have a longer service life and with
fewer repair events, resulting in lower life-cycle embodied energy
and carbon footprint.
Fig. 15. Material costs of LC3-ECC and other common materials.
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4. Conclusions

A sustainable ECC is developed using LC3 cement and PP fiber.
The developed LC3-ECC is more ductile, more durable, greener,
and less costly than OPC-ECC. Based on experimental tests and
MSI calculations, the following conclusions can be drawn:

� The 28-day compressive strength of LC3-ECC (21–46 MPa)
meets the requirements of common structural and non-
structural applications. The high strain capacity (6–9%) makes
it an attractive material for enhanced structural resilience.

� LC3-ECC has self-healing ability due to its tight crack width and
large strain capacity despite the lower OPC content. These char-
acteristics are expected to support structural durability in the
field.

� LC3-ECC shows improved sustainability over previously studied
ECC using OPC binder and PVA fiber. The carbon footprint of
LC3-ECC is reduced to 52% of M45 and 90% of conventional con-
crete. The embodied energy of LC3-ECC is 55% of M45 ECC. Con-
sidering the significant advantages of good tensile performance
and durability, LC3-ECC has a competitive material cost ($166/
m3) compared to M45 and concrete. Longer service life and
fewer repair requirements further improve the sustainability
of LC3-ECC for the whole life cycle of civil infrastructure.
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