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Engineered Cementitious Composites (ECC) have superior properties with high tensile ductility and tight crack
width compared to conventional concrete. The properties of ECC are significantly influenced by the material
composition which can be tailored to enhance the sustainability of ECC. Towards this goal, recycled crumb
rubber (CR) and silica fume (SF) were used to tailor the properties of a polypropylene-fiber reinforced ECC with a
low carbon binder based on limestone calcined clay cement (LC3) in this study. Crumb rubber was found to be
effective in enhancing strain-hardening performance and reducing the width of the multiple microcracks.
However, a loss of compressive strength was accompanied by an increasing amount of CR. While silica fume or
lower w/b ratio enhanced the compressive strength, the crack width of ECC increased at higher SF content or
lower w/b. The underlying mechanisms of these trends were traced to the alteration of the matrix fracture
toughness and fiber/matrix interfacial bond. Rubber particle bridging was found to contribute to crack width
control. The combined use of the LC3 green binder and CR led to a lowering of the embodied and operational

carbon footprint of ECC.

1. Introduction

Engineered Cementitious Composite (ECC) has been studied in the
past decades and has proven superior mechanical and durability prop-
erties. Compared to conventional concrete which fails in a brittle
manner, ECC has tensile ductility of at least 2 %, 200 times that of
conventional concrete. In addition, ECC exhibits multiple cracking be-
haviors during the strain-hardening stage [1]. The mechanical proper-
ties of ECC depend on three factors: fiber, matrix, and fiber/matrix
interface, the individual properties of which can be tailored for the
robust strain-hardening performance based on the micromechanics
model [2].

In terms of fiber types, PVA fiber is widely used in traditional ECC
with excellent ductility and durability of infrastructures [3-6], while the
production of PVA fiber involves large energy consumption, carbon
emissions and cost, which is responsible for the high economic and
environmental impacts of ECC. This recognition has prompted the
search of greener and lower-cost fiber options. For example, high
tenacity Polypropylene (HTPP) fiber was studied in [7-10]. Although PP
ECC has ductility comparable to PVA ECC, its crack control ability is
weaker due to relatively lower fiber modulus and fiber/matrix
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interfacial properties. The average crack width under tension is in the
range of 80-150 pm [8,9], much larger than that of PVA ECC (50-100
pm) [1]. The larger crack width diminishes the durability of PP ECC.
The binder composition of ECC contributes to both the mechanical
properties and the greenness of ECC [11,12]. Fly ash (FA) is the most
widely used supplementary cementitious materials (SCMs) in ECC
design. Fly ash has advantages beyond reducing the embodied carbon of
ECC, including its contribution to long-term strength gain due to its
pozzolanic activity, enhancement in workability, and reduction in the
heat of hydration and drying shrinkage. The averaged crack width is
reduced and the robustness of ECC tensile ductility is enhanced [13-16].
Nevertheless, the physical and chemical properties of FA significantly
depend on the power plant and the coal type, resulting in the variability
of composite properties. Tosun-Felekoglu et al. [10] found that the
physical and chemical properties of fly ash directly affect the perfor-
mance of composites both in fresh and hardened states. F-type fly ash
was more advantageous in producing HTPP-ECC compared to C-type fly
ash employed in that study. Ma et al. [17] found that the fly ash with
relatively higher calcium content and smaller particle size was condu-
cive to a higher compressive strength. The lower combined Al,O3 and
CaO content of this fly ash enhanced the tensile strain capacity.
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Table 1
Mixture proportion (by weight) of ECC (with 2 vol% PP).
Variable Mixture OPC MK LM FA CR* SF” Water w/b SP
CR M-CRO 1 0.5 0.5 2 - - 1 0.25 0.013
M-CR10 1 0.5 0.5 1.8 10 % - 1 0.25 0.013
M-CR30 1 0.5 0.5 1.4 30 % - 1 0.25 0.013
M-CR50 1 0.5 0.5 1 50 % - 1 0.25 0.013
M-CR70 1 0.5 0.5 0.6 70 % - 1 0.25 0.013
M-CR100 1 0.5 0.5 0 100 % - 1 0.25 0.013
SF M-CR50—-SF5 0.95 0.5 0.5 1 50 % 5% 1 0.25 0.013
M-CR50—-SF10 0.9 0.5 0.5 1 50 % 10 % 1 0.25 0.013
M-CR50—-SF15 0.85 0.5 0.5 1 50 % 15 % 1 0.25 0.013
M-CR50—-SF20 0.8 0.5 0.5 1 50 % 20 % 1 0.25 0.013
w/b M-CR50—-SF20—-0.20 0.8 0.5 0.5 1 50 % 20 % 0.8 0.20 0.018
M-CR50—-SF20—-0.15 0.8 0.5 0.5 1 50 % 20 % 0.6 0.15 0.031
@ Substitution ratio of fly ash with crumb rubber by volume.
b Substitution ratio of cement with silica fume by mass.
Furthermore, high calcium fly ash accelerates the self-healing process of Table 2
ECC for the same pre-damaged level. Kan et al. [18] reported that the a e, . -
. . . .. s . Chemical composition of fly ash and silica fume (%).
reactivity of fly ash is the determining factor for ECC’s compression
performance. Fly ash with a higher calcium content did not lead to 5i0, Al2O3 Fex03 50; Ca0 MgO K20
higher tensile properties at all ages but did consistently enhance the FA 51.6 16.2 5.0 1.4 10.8 3.7 2.5
SF 96.5 0.7 0.3 0.5 0.4 0.5 0.85

compressive performance.

In recent years, a new type of binder, calcined clay limestone cement
(LC3), where a high level of clinker is substituted by a combination of
calcined clay and limestone, has gained interest due to its greenness
potential and wide availability of raw materials [19]. Researchers have
utilized LC3 binder in ECC composite and found the resultant advan-
tages in the mechanical performance of ECC, such as early strength
enhancements [20], higher tensile strain capacity [21], and improved
flexural strength [22]. In addition, silica fume, another alternative SCM
that is used in this study, also improves the mechanical properties and
durability of ECC. Silica fume was proven to enhance the strength of ECC
due to its strong pozzolanic reactivity and nano-sized particle size
[11,23], and the durability of ECC as well [24].

The preliminary experiment for this study shows that the fly ash used
in this study results in a higher first cracking strength due to the ultra-
fineness of fly ash particles which leads to a higher matrix fracture
toughness. The excessively high cracking stress is not beneficial for
meeting the strength criterion (6o/0s > 2) of pseudo-strain-hardening
[7,25]. The strategy for tailoring the properties of ECC as suggested in
[26] is adopted in the following work.

The introduction of artificial flaws is an effective way to counteract
the tendency of rising fracture toughness. The particles with low
strength or weak bonds to the cementitious matrix are preferred as
artificial flaws, such as polystyrene beads, fly ash cenosphere, entrained
air, vermiculite, crumb rubber, etc [23,26-29]. Specifically, crumb
rubber as an industrial waste can be used to enhance the properties of
ECC and minimize the embodied carbon of ECC [30]. Crumb rubber has
been used to replace silica sand or fly ash as an inert filler in ECC
composition. The relevant research shows that crumb rubber can reduce
the composite density, improve tensile ductility [23,29,31-34], and
improve other durability properties [34] and impact resistance [35].
However, a reduction in compressive strength is observed by the addi-
tion of crumb rubber in these research works. To counteract this ten-
dency, the incorporation of silica fume as commonly used in enhancing
the compression strength of conventional concrete [36,37] is
considered.

The objective of this study is to develop an LC3-based PP-ECC with
lower embodied and operational energy and carbon footprint than
traditional PVA-ECC, and with good crack width control. Specifically,
the hypothesis that the mechanical properties and tight crack width of
PP-ECC can be tailored by a combination of crumb rubber, silica fume,
and low water/binder ratio is experimentally tested. Crumb rubber and
silica fume replaced fly ash and cement in the mixture composition,
respectively. The impact of these variables on the matrix fracture

Table 3
Physical properties of PP fiber.
Diameter/  Length/ Strength/ Elastic Elongation/ Density/
mm MPa modulus/ %
pm GPa (g/cm®)
12 12 910 9 22 0.91

toughness, fiber/matrix interface bonding, mechanical properties of
ECC and crack width control were investigated. The mechanism of crack
width control was discussed, and the environmental and economic im-
pacts were analyzed accordingly. The research findings provide a deeper
understanding of crack width control of ECC and have the potential to
improve the durability of ECC under various environmental exposures.
This in turn leads to lower operational carbon due to reduced mainte-
nance needs in the use phase of infrastructures. In this manner, this
study represents a novel approach to simultaneously lower the
embodied and operational carbon of civil infrastructure built with ECC.

2. Experimental studies
2.1. Mix design and materials

Table 1 shows the mixture composition of ECC. The LC3 binder is
composed of type I ordinary Portland cement (OPC) from Argos, meta-
kaolin (MK) and limestone (LM) provided by Imerys. The chemical
compositions of ASTM Class F fly ash (FA) from Boral and silica fume
(SF) provided by Elkem are shown in Table 2. The physical properties of
Polypropylene (PP) fiber provided by Saint-Gobain are shown in
Table 3. Crumb rubber is provided by Michelin Tires with an average
particle size of 51 pm and a bulk density of 0.43 g/cm>. The SEM images
of fly ash and crumb rubber are shown in Fig. 1. The superplasticizer
(SP) from BASF (MasterGlenium 7920) was used for water reduction.

A series of experiments were conducted to determine the mechanical
properties and the crack width of ECC. The mixture proportions are
listed in Table 1 with variations in crumb rubber (CR) content, silica
fume (SF) content, and water/binder ratio(w/b). CR substituted FA by
volume in the range of 10 % to 100 %. Silica fume substituted cement by
mass from 5 % to 20 %. Three water/binder ratios (0.25, 0.20, 0.15)
were also investigated. The content of SP was varied based on the fresh
properties of the matrix.
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(a) Fly ash

(b) Crumb rubber

Fig. 1. SEM images of fly ash and crumb rubber.
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Fig. 2. Dogbone-shaped specimen and test set-up for uniaxial tension test(unit: mm).

2.2. Specimen preparation

Fiber dispersion is related to mixer type, mixing force/speed, mixing
time, and optimal viscosity of the matrix [9,38]. To obtain proper fiber
dispersion, the mixing speed and time were experimentally optimized in
this study. Specifically, all mixtures were prepared with an 18-liter
Hobart mixer. Dry ingredients without fiber were first mixed at a low
speed for 5 min to ensure sufficient blending. Then water and

superplasticizer were added and mixed for another 5 min at a medium
speed to obtain a uniform fresh mortar. Fibers were subsequently added
slowly and mixed for 7-8 min to achieve a uniform fiber distribution.
Afterward, the fresh ECCs were cast into cube molds (50 x 50 x 50
mm®) and the dogbone-shaped molds with the geometry recommended
by the Japan Society of Civil Engineers (JSCE) [39] (Fig. 2(a)) for
compressive test and uniaxial tension test, respectively. All specimens
were de-molded after 24 h, and then cured till the testing age of 28 days.
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g
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Fig. 3. Three-point bending test set-up (unit: mm).
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Fig. 4. Single-fiber pullout test set-up.

The curing condition has an impact on the mechanical properties of ECC,
while the gap of mechanical properties between various humidity curing
narrow with age [40]. In this study, air curing was chosen for all
specimens.

The matrix beam specimens (38 x 76 x 305 mm?) were prepared for
matrix fracture toughness measurement using the same mixing pro-
cedure except for fiber addition. The single fiber pullout test samples
were prepared following the procedure described in [41,42]. A long PP
fiber was embedded in the ECC matrix. The hardened specimens were
cut into small platelets using a diamond precision saw with an embed-
ment length before testing.
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2.3. Testing procedure

The compressive test was conducted with cube specimens at a
loading rate of 0.5 MPa/s in accordance with ASTM C109 [43]. The
uniaxial tension test was carried out on the dogbone-shaped specimens
using an Instron servo-hydraulic system with a displacement control rate
of 0.5 mm/min as recommended by JSCE[39]. Two external linear
variable displacement transducers (LVDT) with a gauge length of 80 mm
were attached to the middle part of the specimen for deformation
recording (Fig. 2(b)). The tensile stress-strain relationship was deter-
mined accordingly. The first crack strength, ultimate tensile strength,
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Fig. 5. Influence of CR, SF and water/binder ratio on matrix fracture toughness.
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Fig. 6. Influence of CR, SF and water/binder ratio on interfacial bonding and the pullout behavior of PP fiber.

and tensile strain capacity were extracted from the tensile stress—strain
relations. During the loading process, the crack number was recorded at
one percent strain increment to calculate the corresponding average
crack width. The details are discussed in the following section.

The matrix fracture toughness was determined by the three-point
bending test following ASTM E399 [44]. As shown in Fig. 3, the beam
specimen was pre-notched with a diamond cutting saw and supported
with a span of 254 mm. The bending test was conducted under the
displacement control rate of 0.02 mm/min. Due to the absence of coarse
aggregate in ECC mixture, the fracture process zone size is small
compared to the relevant laboratory specimen dimensions. Thus it is
reliable to determine fracture toughness by the linear elastic fracture
mechanics (LEFM) method [45]. The fracture toughness K, can be
calculated by the following equations.

PS a

ay 3.1,997(%)(1f%)[2,1573,93%+2.7(%)2]
f(W) a 3\/; 21 428)(1-8)" @

K, =

where P is the maximum load; S is the span of the beam; B is the width of
the beam; W is the specimen height; a is the notch depth.

Single-fiber pullout test was conducted to obtain the interfacial
fiber/matrix bonding [41,42]. As shown in Fig. 4, the specimen bottom
was glued onto a metal plate attached to a high-precision load cell (+10
N range) and the free end of PP fiber was glued to another plate clamped
to an actuator. The fiber is pulled out at a displacement rate of 0.2 mm/
min. The embedment length was controlled between 0.7 mm and 1.3
mm. At least 10 specimens were tested for each mixture. It was found
that the chemical bonding is negligible due to the hydrophobicity of PP

fiber. The frictional bonding can be calculated by the following
equation.
— Pd
_TL'd/Le

3

To

where 79 is the frictional bond; Py is the maximum load; d; is the
diameter of fiber; and L, is the embedment length.

3. Results and discussion
3.1. Matrix fracture toughness

The matrix fracture toughness of all mixtures is shown in Fig. 5. The
data in Fig. 5 (a) indicate that the fracture toughness of the matrix is
reduced with increasing crumb rubber content. When fly ash is fully
replaced by crumb rubber, the fracture toughness is reduced by around
50 %. Crumb rubber is hydrophobic and weakly bonded to the sur-
rounding matrix [46]. The cement hydration near rubber particles was
hindered and a clear interface between matrix and rubber particles can
be observed via SEM [47]. Since the crumb rubber is inert while fly ash
undergoes a pozzolanic reaction process, the energy associated with
breaking material bonds at the crack tip may be expected to be reduced,
consistent with a lowering of fracture energy and K, when fly ash is
replaced by crumb rubber.

Fig. 5 (b) shows the effect of silica fume on matrix fracture tough-
ness. The fracture toughness shows a slight reduction when 5 % of
cement is replaced by silica fume, followed by a gradual increase with
increasing SF content up to 11.1 % compared to the non-SF matrix. This
can be attributed to the fact that silica fume promotes the formation of
hydration products as a highly effective pozzolanic material in addition
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Fig. 7. Influence of CR, SF and water/binder ratio on compressive strength.

to matrix densification by virtue of its small particle size [48]. The
observed variations in Ky, however, are within the data noise range.
The increase in the w/b ratio from 0.15 to 0.25 leads to a significant
drop in Ky, from 0.42 MPa,/m to 0.30 MPay/m, as shown in Fig. 5 (c). It
should be noted that during the material processing, the amount of
superplasticizer was adjusted for better flowability of fresh mortar to
ensure good fiber dispersion (Table 1), and more SP was required at low
w/b ratios. This might introduce some influence on the microstructure
of the matrix and further on the fracture properties. Nevertheless,
decreasing the w/b ratio has a densification effect on the matrix
microstructure, resulting in a compact matrix with fewer defects,
consistent with what has been reported in the literature [49,50].

3.2. Fiber/matrix interfacial properties

Fig. 6 shows the influence of CR, SF and w/b ratio on interfacial
bonding. Due to the hydrophobicity of PP fiber, the chemical bonding is
negligible between the matrix and PP fiber, and the typical pullout
load—-displacement curve in this study is shown in Fig. 6(d). As shown in
Fig. 6(a), the friction bonding 7 is reduced with crumb rubber content.
Crumb rubber is inert and has no chemical reaction with the cementi-
tious matrix. Due to this chemical incompatibility, the addition of crumb
rubber changed the microstructure of the interface transition zone (ITZ)
both chemically and physically, with fewer hydration products and
increased porosity, thus leading to the observed reduction of frictional
bonding of fiber/matrix [31].

Silica fume shows an increasing impact on the interfacial bonding of
fiber/matrix as shown in Fig. 6(b). The frictional bonding is increased by
14.4 % when 20 mass% of cement is replaced by silica fume, which
stems from the densification of ITZ by the pore-size refinement effect of
silica fume. Decreasing the w/b ratio has a similar effect on the inter-
facial bonding of fiber/matrix (Fig. 6(c)). As discussed in Section 3.1,
reducing the water amount in the mixture can densify the matrix as well
as ITZ, which provides more frictional resistance for fiber pullout
behavior. It should be noted that the measured interfacial bonding has a

relatively high variability due to the sensitivity of the single-fiber pull-
out test and the small size of samples, consistent with that reported in
the literature [31,51-53].

3.3. Mechanical properties of ECC

3.3.1. Compressive strength

Fig. 7 shows the relationship between compressive strength and
mixture composition variables. As seen in Fig. 7(a), the compressive
strength decreases gradually with crumb rubber content. When fly ash is
substituted by crumb rubber at 50 vol% and 100 vol%, the compressive
strength is reduced by 30.7 % and 41.2 %, respectively. This can be
attributed to the low strength and modulus of crumb rubber partially.
On the other hand, the incompatibility of rubber particles in the matrix
leads to the weak bond between crumb rubber and the cementitious
matrix. Viewed in this manner, crumb rubber may serve as artificial
defect sites that lower the compressive strength of the composite.

The effect of silica fume on the compressive strength is similar to that
of fracture toughness as shown in Fig. 7(b). Due to the highly pozzolanic
activity, the hydration products accumulate in the matrix even with the
decreased cement content. In addition, the fine particles of silica fume
are expected to fill the voids and refine the matrix microstructure. Thus,
when 20 mass% of cement is replaced by silica fume, the compressive
strength is increased to 27.1 MPa, which is close to that of M—CR10.

Similarly, lowering the amount of water in the mixture led to an
increase in compressive strength as expected. When the w/b ratio is
reduced from 0.25 to 0.15, the compressive strength is increased by
18.3 % to 32.1 MPa, which is comparable to that of the control mixture
M-CRO.

3.3.2. Tensile properties

The tensile stress-strain curves of ECC with different CR contents are
shown in Fig. 8. The crack pattern picture at the last percent strain of
each mixture was also included, e.g., the crack pattern picture is
attached at 3 % tensile strain for M—CRO with the ultimate tensile strain



M. Hou et al. Construction and Building Materials 348 (2022) 128692
=31 =31
[ ‘ e | !
\E./ Al g "
fl |
%29 %29
g 2 |
2 2
g 1 7 11
(0] (]
= [
0 0 2 -+ 6 8 10 12
Tensile strain (%) Tensile strain (%)
(a) M-CRO (b) M-CR10
=3 =3
[ ‘ ’ &
=S ‘ 2
221 224
g | 3
2 2
g 1 2 11
(0] 2 3 o
[ - &=
0 2 ol 0 - : L |
0 2 4 6 8 10 12 0 2 -+ 6 8 10 12
Tensile strain (%) Tensile strain (%)
(c) M-CR30 (d) M-CR50
=3 =3
=] =]
S S
22| 22|
5 | 5 |
2 2 |
2" 2"
= =
0 = e -2 0 Es $
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Tensile strain (%) Tensile strain (%)
(¢) M-CR70 (f) M-CR100
Fig. 8. Tensile stress—strain curves with CR contents and corresponding crack pattern at the last strain percent.
Table 4

Summary of tensile properties of all ECC mixtures at 28 days.

Mixture First cracking strength o (MPa) Ultimate tensile strength 6, (MPa) Tensile strain capacity €y Crack number Average crack spacing(mm)
M-CRO 1.91 + 0.02 3.16 + 0.01 3.37 %+0.20 % 16 +1 5.04 + 0.42
M-CR10 1.86 + 0.15 3.05 + 0.06 3.42 %+0.39 % 17 £ 2 4.85 + 0.47
M-CR30 1.72 + 0.33 2.93 +0.13 3.83 %+0.27 % 23+7 3.71 + 0.95
M-CR50 1.65 + 0.12 2.90 + 0.12 8.61 %+0.41 % 58 +3 1.37 + 0.07
M-CR70 1.55 + 0.18 2.61 + 0.02 7.01 %=+0.48 % 70 + 4 1.15 + 0.07
M-CR100 1.52 + 0.24 2.24 +0.07 2.42 %+0.38 % 53 +12 1.60 + 0.35
M-CR50-SF5 1.67 + 0.09 3.20 + 0.07 10.39 %=+0.35 % 74 +3 1.08 + 0.04
M-CR50-SF10 1.68 + 0.23 2.83 + 0.04 5.68 %+0.08 % 41+8 2.04 + 0.37
M-CR50-SF15 1.79 + 0.10 3.09 + 0.09 5.50 %+0.47 % 36+3 2.22 +0.20
M-—CR50—SF20 1.97 £ 0.11 3.21 £ 0.09 4.55 %+0.48 % 31+2 2.60 + 0.21
M-CR50—-SF20-0.20 2.09 + 0.02 3.51 + 0.04 4.92 %+0.35 % 33+2 2.41 +0.19
M-CR50—-SF20-0.15 3.10 £ 0.29 3.82 + 0.07 2.98 %+0.82 % 14 +2 5.77 + 1.09

capacity of 3.37 %, etc. The tensile performance of all the mixtures is
summarized in Table 4 and shown in Fig. 10. The average crack spacing
was calculated based on the crack number of the 80 mm center region of
the sample.

It can be seen that the cracking stress is related to the CR content.
Specifically, the first cracking strength was gradually decreased from
1.91 MPa to 1.52 MPa as CR substituted FA from 0 vol% to 100 vol%.
This can be attributed to the weakened matrix fracture toughness caused

by crumb rubber as discussed in Section 3.1. The hydrophobicity of
crumb rubber leads to the weak interfacial zone between cementitious
matrix and rubber particles, and microcracks are activated from these
low-bonded areas as well as other microstructure flaws or defects (e.g.
voids). In other words, the existence of crumb rubber in the ECC matrix
can be seen as an artificial flaw even though the rubber particles have a
small average size (51 pm in this study).

The improved flaw distribution by crumb rubber ensures saturated
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5 12
[ ] First cracking strength

=4 [ Tensile strength 110 ~
& *7 [ Strain capacity =
= 8 =z
72} 5‘
s =
2 6 =
[5)

= 4 £
= <
[5) =
=~ 2 w2

0

0 10 30 50 70 100
FA substitution by CR (vol%)

(a) CR

3 First cracking strength 114
. [ Tensile strength
s 4 Strain capacity 112 g
= 10 &
3 8 &
2 3
L 6
5 4 5
= w2
2
0

0 5 10 15 20
Cement substitution by SF (mass%)
(b) SF

Fig. 10. Tensile performance of ECC mixtures with CR and SF contents.

multiple cracking, which is responsible for the cumulative inelastic
deformation in the strain-hardening stage. The crack number increased
with CR content and reached a peak at 70 % CR content with the lowest
crack spacing of 1.15 mm and the tensile strain capacity of 7.01 %

(M—CR70). However, M—CR50 exhibits a better tensile strain capacity
(8.61 %) with less crack number than that of M—CR70, which suggests a
larger crack width as shown in Fig. 8(d).

The tensile strength exhibits a similar decreasing trend as the first
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Fig. 11. Evolution of average crack width with tensile strain as influenced by (a) crumb rubber, and (b) silica fume and w/b ratio.

cracking strength with CR content, which results from the reduced fiber
bridging capacity. The fiber bridging capacity is related to fiber strength,
fiber content, and interfacial bonding. Crumb rubber caused a less
compact interface transition zone and reduced frictional bonding of
fiber/matrix (Fig. 6(a)), resulting in reduced fiber bridging capacity. It
should be noted that for M—CR100, the low fiber bridging capacity is not
only attributed to a low interfacial bonding of fiber/matrix but also to
the less uniform fiber dispersion. When fly ash was replaced by crumb

(a)

rubber completely, the mixing difficulty negatively impacted the fiber
dispersion. Even with these impacts, M—CR100 exhibits the saturated
multiple cracking with tight crack width as shown in Fig. 8(f).

Fig. 9 shows the tensile stress-strain curves of mixtures with
increasing silica fume content and lowering water/binder ratio,
respectively. As shown in Table 4 and Fig. 10(b), the first cracking
strength is increased progressively from 1.65 MPa to 1.97 MPa with
silica fume substituting cement in the range of 0 %-20 %. This is related

— w/o interface change
- - - - w/ interface change

(b)

Fiber
------ CR
- - - - Fiber+CR

Fig. 12. The effects of crumb rubber on ¢-5 relationship in terms of (a) weakened matrix; (b) interfacial bonding change; (c) CR particle bridging.
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Fig. 13. SEM images: Rubber particles bridging the crack faces.

to the increased matrix fracture toughness caused by the highly pozzo-
lanic reactivity and ultra fineness of silica fume to densify the cemen-
titious matrix microstructure as discussed in Section 3.1. The resultant
densification of the interfacial transition zone increases the frictional
bonding of PP/matrix (Fig. 6(b)), leading to the enhancement of fiber
bridging capacity. Specifically, when silica fume replaced cement at 5 %
(M—CR50—SF5), the first cracking strength remains at almost the same
level as the non-SF mixture (M—CR50). However, with increased fric-
tional bonding, the fiber bridging capacity and tensile strength are
enhanced, i.e., the tensile strength and strain capacity of M—CR50—SF5
increased by 10.3 % and 20.7 % over that of M—CR50, respectively.
With further increasing SF content, the densification of the matrix leads
to higher cracking stress, which is not beneficial for multiple cracking,
resulting in lowered crack numbers and tensile strain capacity.

Similarly, lowering the w/b ratio further densified the matrix
microstructure with reduced porosity, and led to increasing cracking
stress and tensile strength. When the w/b ratio is reduced to 0.20, the
first cracking strength and ultimate tensile strength are increased to
2.09 MPa and 3.51 MPa, respectively. Although the tensile strain ca-
pacity and the ultimate crack number are increased, from the tensile
stress-strain curve (Fig. 9(e)), there is a larger fluctuation in the strain-
hardening stage, indicating a larger crack width compared to that of the
w/b ratio at 0.25 (M—CR50—SF20). Likewise, the lowest w/b ratio
(0.15) led to the largest cracking stress and tensile strength, but unsat-
urated multiple cracking and the largest crack width (Fig. 9(f)).

3.3.3. Crack pattern

The evolution of average crack width with tensile strain is shown in
Fig. 11. As expected, the crack width increased with increasing tensile
strain for all mixtures. As shown in Fig. 11(a), the average crack width at
the same tensile strain decreased with increasing CR content. For
example, at 1 % tensile strain, the crack width decreases by 7.4 % to
65.8 % as CR content increases from 10 % to 100 % replacement of FA.

At small CR content (less than 30 %), it is observed that the average
crack width increased at a steep rate with tensile strain, nearly the same
as that of non-CR ECC (M—CRO). This is consistent with the tensile
stress-strain curves as shown in Fig. 8(a)-(c), where the tensile strain
performance did not exhibit obvious improvement with large fluctua-
tion in the strain-hardening stage. With increasing CR content over 30
%, the crack width vs strain curve slope is gentler, consistent with the
lessened fluctuations in the tensile stress—strain curves as shown in Fig. 8
(d)-(f). For M—CR100, the tensile stress—strain curve is nearly smooth,
with a tight crack width of 40 pm at 2 % tensile strain and intensive
multiple cracks as shown in Fig. 8(f). As discussed previously, the
improved flaw distribution by crumb rubber triggers more microcracks
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at lower stress even though the weakened frictional bonding of fiber/
matrix tends to enlarge fiber slippage and crack opening.

As shown in Fig. 11(b), the crack width is reduced at a low SF content
of 5 % (M—CR50—SF5) compared to that of non-SF ECC (M—CR50). As
discussed in Section 3.3.2, the cracking stress did not reveal an obvious
increase, but with an increased frictional bonding, the fiber slippage at
the same cracking stress is lowered, resulting in the reduction of crack
width, which is reflected in the fluctuations of the tensile stress—strain
curve in Fig. 9(a). However, with further increasing SF content, a more
densified matrix leads to higher cracking stress, so larger fluctuations in
the tensile stress—strain curve and fewer crack numbers are observed in
Fig. 9(b)-(d). Similarly, lowering the w/b ratio further densified the
matrix, leading to a higher cracking stress with large stress fluctuations.
Especially for the w/b ratio of 0.15 (M—CR50—SF20—0.15), the first
cracking strength reached 3.10 MPa with the highest stress fluctuation
up to 0.9 MPa, and accompanied by an average crack width of 124 pm
and 140 pm at 1 % and 2 % tensile strain, respectively.

3.4. Mechanism of crack width control

The potential mechanisms behind crack width control by crumb
rubber are illustrated in Fig. 12, where 67 and o5 represent the cracking
stress and §; and 2 represent the corresponding crack opening. The
subscript “1” indicates the original value of the parameter, and the
subscript “2” indicates the changed value of the parameter as a result of
the suggested crack-width-reduction mechanism. Firstly, the introduc-
tion of CR to the matrix composition leads to weak bonding of CR/
matrix as well as decreased cracking stress. In terms of the stress-crack
opening (6-8) relation as shown in Fig. 12(a), the crack opening is
positively related to the stress in the ascending branch. The lowered
cracking stress leads to the reduction of crack width, which is supported
by established literature [27,28]. However, as discussed in Section 3.2,
the change in the microstructure of the fiber/matrix interface induced
by CR leads to a weakened fiber/matrix interfacial bond. This is not
beneficial for crack width control. The slope of the ¢-8 curve is associ-
ated with fiber stiffness and volume fraction, as well as the interfacial
bonding of fiber/matrix. As shown in Fig. 12(b), a weakened interfacial
bond reduces the slope of the 6-5 curve, resulting in a larger crack width
for a given stress level [9,13]. A third plausible mechanism of crack
width control is bridging of microcracks by CR particles, on top of
bridging provided by fibers. As shown in Fig. 13, the cracking region of
tensile specimens after the tension test was observed via SEM. CR par-
ticles were found to link the crack faces even though the crack was fully
formed in the cross-section. Due to the irregular shape and low elastic
modulus of CR particles, some particles could be interlocked in the
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Table 5
Cost, embodied energy, and CO, emission of ECC ingredients.
oPC* LC3" FA" CR¢ SF® Water sp¢ PpP* PVA'
Embodied energy (GJ/ton) 5.15 4 0 4 0 0 35 77 101
CO2 emission(kg/ton) 970 560 0 200 0 0 1667 3100 3400
Cost ($/ton) 72.02 56.41 26.5 320 300 1.5 1211 6335 12,670
2 Data from [12,55].
b Data from the local market price.
¢ Data from [57,58].
4 Data from [59].
€ Data from [21,60].
f Data from [20,21,60].
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Fig. 14. Embodied energy of all mixtures.

matrix and stretched, providing particle bridges that transfer load and
restrain crack opening. This particle bridging effect was also identified
by Segre et al. in conventional concrete [54]. Also, some microcracks
could be initiated by CR particles since CR particles are soft and hy-
drophobic and can behave like voids, then followed by crack bridging by
CR particles. This is beneficial for tight crack width due to the super-
position curve of fiber bridging and rubber particle bridging as shown in
Fig. 12(c), where the slope of the ¢-5 curve is increased and the crack
opening & is reduced at a given cracking stress.

Similarly, the mechanism of silica fume and w/b ratio can also be
explained by the stress-crack opening (0-8) relation. High pozzolanic
reactivity and the pore-filling effect of silica fume as well as the reduced
porosity by low w/b ratio densified the matrix, resulting in higher
cracking stress and enlarged crack width. Besides, the densification of
the fiber/matrix interface enhanced the interfacial bonding of fiber/
matrix and induced a steeper curve slope, and reduced the crack width
opposite to that shown in Fig. 12(b). The coupled effect of these above
mechanisms leads to the observed increase in crack width in these
mixtures containing SF or with lower w/b ratios.

4. Environmental and economic impacts

To evaluate the environmental and economic impact of the studied
ECC mixtures, Material Sustainability Indices (MSIs) were calculated to
quantitatively represent the material greenness involved in the pro-
duction process. The energy consumption, carbon emission, and the cost
on a unit weight basis of each mixture ingredient are collected from
literature, database, and local contractors and shown in Table 5. These
parameters are calculated based on the industrial and the best available
technology level with life cycle assessment (LCA) and are widely used by
databases and research publications. For example, the MSIs of cement
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Fig. 15. Carbon emission of all mixtures.

capture the total energy consumption and carbon emission along the
whole production chain, including raw materials extraction, fuel
extraction, the transport of raw materials and fuels, the clinkerization as
well as the calcination of clays for the LC3 case, the grinding, packing
and other processes [55]. The MSIs of the LC3 binder are lower than that
of OPC due to the reduced proportion of clinker as shown in Table 5.
Since FA and SF are industrial wastes, negligible energy intensity and
carbon emissions are assumed in this study. While CR is produced from
waste rubber tires, the production of CR involved in the grinding process
accounts for the energy consumption and carbon emissions. The energy
intensity and carbon emissions of fibers are also calculated on a cradle-
to-gate basis including feedstock production, transportation, distribu-
tion, and process conversion.

Based on the parameters of each ingredient, the embodied energy
and carbon emissions of all mixtures are calculated and shown in Fig. 14
and Fig. 15, respectively, and the information on conventional concrete
[13,56], traditional PVA-ECC, and PP-OPC based ECC with the same
mixture design as M—CRO is also included for comparison. The
embodied energy and carbon emission of traditional PVA-ECC are 2.9
and 2.4 times that of conventional concrete, respectively. This stems
from the high volume of cement in ECC mixture design due to the lack of
coarse aggregate and the high energy consumption and carbon emission
of fiber. Besides, the PP-OPC-based ECC still has high carbon emissions
but lower embodied energy caused by the larger embodied energy dif-
ference between these two types of fiber. When OPC and PVA fiber are
replaced by LC3 and PP fiber, the embodied energy and carbon emission
of ECC are reduced by 31 % and 41 %, respectively. FA is a direct in-
dustrial byproduct with negligible embodied energy and carbon emis-
sions, while crumb rubber manufacturing involves energy consumption
and carbon emission associated with the grinding process. Hence, both
the embodied energy and carbon emissions increase with FA substitu-
tion by CR. Similarly, with negligible embodied energy and carbon
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Fig. 16. Estimated cost of all mixtures.

emission [15], partial replacement of cement by silica fume leads to the
reduction of embodied energy and carbon emission highly by 8.1 % and
14.6 %, respectively. Lowering the w/b ratio means more raw in-
gredients except for water in the unit volume of ECC composite,
resulting in higher embodied energy and carbon emission. Compared to
the w/b ratio of 0.25, the w/b ratio of 0.15 possesses 18.2 % and 19.2 %
higher embodied energy and carbon emissions.

The estimated cost of all mixtures is shown in Fig. 16. The cost of the
traditional PVA-ECC is 3.4 times that of conventional concrete since PVA
fiber takes up 80 % of the total cost. With the cost-effective PP fiber, the
total cost is reduced significantly by 52 %. The use of LC3 further lowers
the cost, while the relatively high price of CR increases the cost slightly
due to the low density and low mass dosage of CR in the mixture
composition. Similarly, incorporating silica fume and lowering w/b
ratio further increase the cost by 12.6 %. Overall, the mixture M—CR70
exhibits the tight crack width control ability, which is comparable to
that of PVA-ECC, and also reduces the embodied energy, carbon emis-
sion, and cost by 25.9 %, 39.2 %, and 51.4 %, respectively.

With a tight crack width of about 50 pm at 1 % strain (considered
large for real-world applications), M—CR70 is expected to have extreme
durability based on extensive data sets as discussed in [1]. In this
manner, it may be anticipated that operational carbon associated with
infrequent repair events of civil infrastructure will be low compared to
those built with conventional concrete. Additional studies on durability
performance of M—CR70 and life cycle analysis for specific infrastruc-
ture applications will be required to quantify such expectations, beyond
the scope of the present study.

5. Conclusions

The objective of this research is to develop a ductile ECC with
reduced embodied carbon and energy compared to traditional ECC (with
OPC binder and reinforced with PVA fiber), and with microcrack width
controlled to around 50 pm. Tight crack width is necessary for durable
infrastructure requiring minimum repair needs and hence reduced
operational carbon footprint. Based on the experimental findings, the
following can be concluded:

An ECC composed of greener polypropylene (PP) fiber and limestone
calcined clay cement (LC3) binder has been successfully designed and
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tested. The developed PP-ECC possesses a tensile strength of 2.24-3.82
MPa and tensile strain capacity of 2.42-10.39 %. Tight crack width
down to about 50 pm at 1 % tensile strain was attained.

The control of crack width using crumb rubber particles has been
experimentally confirmed. Increasing the replacement of fly ash by
crumb rubber leads to a continuous drop in crack width, however, at the
expense of loss of compressive strength. An optimal replacement content
is around 50 %. At this level, a 28-day compressive strength of 22 MPa
can be retained. Partial restoration of compressive strength can be
attained with the use of silica fume and reduced w/binder ratio.

The resulting PP-ECC has lower carbon and energy footprint
compared with traditional PVA-ECC. The embodied energy, carbon
emission, and cost of the PP-ECC were reduced by 21.1 %-33.2 %, 38.2
%-48.6 %, and 41.5 %-54.7 %, respectively. Combined with the intrin-
sically tight crack width, the developed PP-ECC can contribute to sus-
tainable infrastructure with lower embodied and operational carbon.

Considering the mechanical properties, crack width control, as well
as economic and environmental impact, the ideal mix composition is
found to be 50 %-70 % CR content with low SF content(~5%).

While the developed PP-ECC possesses good ductility and well-
controlled tight crack width, this composite shows limited compres-
sive strength due to the use of crumb rubber particles. Additional
research is needed to address this shortcoming. The expected improve-
ment in durability under various environmental exposures requires
experimental verification in future studies. Finally, the underlying
mechanisms of crack control by crumb rubber particles warrant further
investigations.
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