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ABSTRACT

This work investigates the feasibility of utilizing reactive recycled powder (RP) from construction and demo-
lition (C&D) waste as supplementary cementitious material (SCM) to achieve a ductile strain hardening
cementitious composites (SHCC). The recycled mortar powder (RMP) from mortar waste, recycled concrete
powder (RCP) from concrete waste and recycled brick powder (RBP) from clay brick waste were first pre-
pared, and the micro-properties and tensile behavior of SHCC containing various types and replacement
ratios of RPs were determined. The incorporated RP promotes pozzolanic and filler effects, while the hydra-
tion products in cementitious materials decrease with RP incorporation; therefore, the incorporated RP
decreases the compressive strength of SHCC. Attributed to the reduction in the matrix strength, the incor-
porated RP increases the crack-bridging extent and ductility of SHCC; the irregular micro-structure and high
reactivity of RP also help the strain-hardening performance of the prepared SHCC. In addition, the strain-
hardening performance of SHCC containing RMP and RBP is surperior to that of SHCC with RCP and is
slightly lower than that of SHCC with fly ash (FA); for instance, the ultimate strain of SHCC containing
54% FA, RMP, RCP and RBP is 3.67%, 3.61%, 2.52% and 3.53%, respectively. In addition, the strain-hardening
behavior of an SHCC doubled mix with FA and RMP or RBP has a similar ultimate strain and a higher ulti-
mate stress than SHCC containing only FA.
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1 Introduction

Rapid urbanization construction dramatically increases the construction and demolition (C&D) waste
worldwide [1,2]; for instance, the United States and China generate approximately 700 and 1800 million
tons of C&D waste every year, respectively [3,4]. C&D waste is mainly disposed of by way of dumping
and landfills, thereby taking up much land [5]; in addition, the inappropriate disposal of C&D waste
causes some environmental pollution because of some hazardous components and extractable metal
contained in C&D waste, which is not eco-friendly [2,6]. Therefore, some reclaiming technologies of
C&D waste are developed, and most C&D wastes are currently recycled into recycled aggregate and
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utilized in concrete preparation [7]. The properties of recycled aggregate are generally inferior to those of
natural aggregate because recycled aggregate contains 30%–40% vol. old mortars [8]; thus, the employed
recycled aggregate is generally detrimental to the mechanical properties and durability performance of
concrete [9–12]. Some modification methods are developed to improve the properties of recycled
aggregate concrete, such as the optimization of the preparation method [13], pre-soaking treatment [14],
CO2-curing treatment [15] and nano-material modification [16]; however, most of the modification
methods and improvement technology are high cost, which is uneconomic [17].

Recently, some scholars have attempted to prepare recycled powder (RP) with a maximum size of
150 μm from C&D waste, and various RPs have been utilized as supplementary cementitious material
(SCM) in preparing cement and concrete products [18−20]. The C&D waste mainly consists of mortar,
concrete and brick wastes; thus, the mortar waste is recycled into recycled mortar powder (RMP), the
concrete waste is ground into recycled concrete powder (RCP) and the brick waste is recycled into
recycled brick powder (RBP). Decreasing the particle size of RP increases its reactivity, and the
incorporated high fineness RP refines the pores of prepared cement-based material [21,22]; in addition,
the utilized RP with a particle size above 75 μm is adverse to the micro-performance of cement-based
material [23]. Previous studies further stated that incorporating an appropriate content and particle size of
RP has less impact on the mechanical characterization of concrete, and an improvement in the
compressive strength is reported for concrete with RP having a small particle size [24,25]; however,
incorporating a high volume of RP (above 30%) is detrimental to the mechanical properties [26].
Furthermore, the utilized reactivity of the RP improves the permeability resistance; for example, when the
median diameter of RBP was 8.5 μm, the chloride diffusion coefficients of concrete with 10% and 20%
RP were 31.7% and 48.15% lower, respectively, than that of plain concrete [27]; when the median
diameter of RP is 12.5 μm, Ma et al. [28] further stated that the capillary absorption coefficient of
concrete with 30% RP was 13.2% lower than that of plain concrete. Therefore, the use of RP as SCM in
concrete is feasible, which provides an eco-friendly and high-efficiency approach to reclaiming C&D waste.

Concrete has a high brittleness and low ductility, which limits the wide use of concrete material in
construction applications under certain conditions. Therefore, the fiber-reinforced cementitious composites
are developed to achieve a high ductility [29,30]. Especially for the strain hardening cementitious
composites (SHCC), an excellent strain-hardening characteristic generates a high ultimate strain because
of the crack-bridging action between the matrix and fiber [31]. However, traditional and common SHCC
contains high contents of cement and fly ash (FA). The production of cement requires high energy
consumption, and there is a large-scale lack of FA in current construction engineering; therefore, some
investigations have been conducted to investigate the feasibility of utilizing RP from C&D waste for
SHCC preparation [32,33]. Although previous investigations shows that fiber-reinforced cementitious
composites with RP have good mechanical properties, the influence of the RP types and contents on the
tensile behavior of SHCC has received little considerations.

Therefore, the overall goal of this study is to investigate the effects of RP types and replacement ratios on
the micro-properties and tensile behavior of prepared SHCC. Based on the actual composition of C&D
wastes, three types of RPs were used in this study, mainly including the RMP from mortar waste,
the RCP from concrete waste and the RBP from brick waste; a common mix proportion of SHCC is
defined as the control group, and the effects of the RP content on the micro-properties and tensile
behavior are further investigated. Furthermore, this paper proposed a feasible approach to improving the
strain-hardening performance of RP-prepared SHCC. RP derived from C&D waste is eco-friendly,
and the findings in this study may promote an extensive utilization of RP in fiber-reinforced
cementitious composites.

744 JRM, 2021, vol.9, no.4



2 Materials and Experiments

2.1 RP Preparation and Fundamental Characteristics
Fig. 1 displays an approach to utilizing C&D waste to prepare RP. The C&D waste mainly consists of

mortar, concrete and brick wastes, and thus, these wastes are ground into RMP, RCP and RBP, respectively.
The water to cement ratios of the original mortar and concrete used in preparing RMP and RCP are both 0.5,
as described in Tab. 1, and the initial strength of the original mortar and concrete is approximately 40.5 MPa
and 37.6 MPa, respectively. The mortar, concrete and brick wastes were first crushed into aggregate with a
maximum size of 10 mm; then, the aggregate was ground into coarse RP with a maximum size of 150 μm.
Afterwards, these coarse RPs were further ground into an ultra-fine reactive RP by a planetary mill, and these
ultra-fine reactive RPs were employed in SHCC preparation. Finally, the micro-performance and mechanical
characterization were determined, and the tensile behavior of the SHCC containing various types and
contents of RPs was the main focus.

Fig. 2a shows a comparison on the appearance of cement, FA, RMP, RCP and RBP. The appearance of
RMP and RCP is similar to that of cement or FA; however, a red color was observed from RBP, because the
original clay brick contains a high content of iron element. Generally, the particle size of RP is suggested to
be below the particle size of cement when utilizing RP as SCM to replace cement in concrete; in this case, the
filler effect of RP is promoted [22,34]. The particle size of cement, FA, RMP, RCP and RBP is determined by
a laser particle sizer, and the results are shown in Fig. 2b. The median diameters of cement and FA are both
approximately 18.0 μm, and the particle sizes of RMP, RCP and RBP are all approximately 10.0 μm. The
utilized RMP, RCP and RBP have similar particle sizes, and in this case, the effects of the RP types and
contents on the properties of prepared SHCC can be well characterized.

Figure 1: Process flow of RP preparation from C&D waste

Table 1: Mix proportion of original mortar and concrete used in preparing RP (kg/m3)

Sample w/b Cement Water Sand Natural coarse aggregate

Original mortar 0.5 450 225 1350 0

Original concrete 0.5 360 180 650 1190
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2.2 Mix Proportions and Specimens
Tab. 2 shows the mix proportion that is developed according to related literature [35–37]. On the one

hand, the influence of the RP content on the tensile behavior of SHCC is considered in the mix design;
the sample C-0RP stand for the control group without RP incorporation, and C-18RMP, C-36RMP and
C-54RMP represent samples having 18%, 36% and 54% of cement replaced by the same weight of RMP.
On the other hand, the influence of RP types on the tensile behavior of SHCC is also investigated, and
C-54RMP, C-54RCP and C-54RBP represent samples in which the replacement ratios of RMP, RCP and
RBP in the SHCC are all 54%. This work further gives a comparison of the tensile behavior of SHCC
with the same contents of FA and various RPs (54% replacement ratios); in this case, the sample C-54FA
is the control group that has been deeply investigated by many previous studies [38]. The SHCC sample
that is mixed with both FA and RP is prepared to investigate the feasibility of improving the tensile
behavior of RP-prepared SHCC; C-54(RMP+FA) sample is an SHCC containing 54% of the RMP and
FA mixture (36% RMP and 18% FA).

The SHCC samples were first prepared according to the mix proportion shown in Tab. 2. Because RP
with an irregular micro-structure absorbs more water than the cement, the incorporated RP results in an
increase in the water reducer amount in the SHCC when all the mixtures have a similar fluidity. The
water demand ratio of RP was determined according to Chinese standard GB/T1596-2017, and the water
demand ratio of cement, RMP, RCP and RBP was 1.00, 1.09, 1.10, 1.07, respectively, when the particle
size of various RPs is approximately 10 μm. In addition, the suggested flow expansibility of SHCC
should be (185 ± 5) mm according to Chinese standard GB/T 15234-2016; therefore, the flow
expansibility of mix proportion with various types and contents of RP was kept at (185 ± 5) mm by
adjusting the amount of water reducer. The incorporation of RP increases the water demand of mixture,
and more water reducer is required in the SHCC prepared with RP incorporation, as shown in Tab. 2. In
particular, RCP has a higher requirement than RMP and RBP for the amount of water reducer. The
binders of cement, RP and FA were first mixed at low-speed for 2 mins by a machine mixer, and then,
the water, PVA fiber and water reducer were mixed with the binders at high-speed for 3 mins; finally, the
obtained mixtures were placed in steel moulds to prepare the SHCC samples, and three samples were
prepared for each mix proportion of SHCC. These samples after hardening were cured for 28 d (relative
humidity ≥ 95% and temperature at 20 ± 2°C). As shown in Fig. 3, the appearance of RMP- and RCP-
prepared SHCC is similar to that of the control group. However, because the color of RBP is red, the
appearance of RBP-prepared SHCC is different from the appearance of the control group.
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Figure 2: Appearance and particle size of various types of RPs. (a) Appearance. (b) Particle size distribution
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2.3 Compressive and Tensile Strength Determination
The compressive and tensile strengths were determined to evaluate the mechanical properties of the RP-

prepared SHCC. The cube sample with a size of 70.7 mm is utilized in a compressive strength test according
to “Standard for test method of performance on building mortar” (Chinese standard JCJ/T70-2009). A
dogbone-shaped sample is utilized in the tensile test; the sample size is designed according to
“Recommendations for design and construction of high performance fiber reinforced cement composites
with multiple fine cracks (HPFRCC)” that is recommended by the Japan Society of Civil Engineers
(JSCE), and the size of the SHCC sample is described in Fig. 3a. Fig. 3b shows an image of the tensile
test used to determine the tensile behavior of the RP-prepared SHCC. The applied loads are provided by
a universal mechanical testing machine, and the rate of the applied load is 0.1 mm/min. The load applied
on the SHCC can be determined by the employed mechanical testing machine, and meanwhile, the
displacement of a determined length (80 mm) is collected by testing device; therefore, the stress and
strain of the SHCC can be further calculated from the obtained data of the applied load and displacement.

In addition, the crack development of SHCC with various types and contents of RPs is also observed to
evaluate the strain-hardening performance. The micro-characteristics correspond to the macro-performances
of cement-based materials [39–41]. To better understand the influence of RP incorporation on the tensile
strength of SHCC, the micro-properties of cement composites with various types and contents of RPs are
further determined. The micro-structure of RP is determined by scanning electron microscopy (SEM)
determination, and the composition of RP and the prepared cement-based material is further measured by
X-ray diffraction (XRD). In addition, Fourier transform infrared spectroscopy (FTIR) is conducted to
reveal the hydration products of SHCC containing various RPs.

Table 2: Mix proportion of SHCC with RP (kg/m3)

Specimen Cement Recycled
powder (RP)

Fly ash
(FA)

Water
content

Sand PVA fiber
(12 mm)

Water
reducer

C-0RP
(Control group)

1200 0 0 395 550 26 3

C-54FA
(Control group)

550 0 650 395 550 26 1

C-18RMP 982 218 (RMP) 0 395 550 26 3.5

C-36RMP 768 432 (RMP) 0 395 550 26 4

C-54RMP 550 650 (RMP) 0 395 550 26 4.5

C-18RCP 982 218 (RCP) 0 395 550 26 3.6

C-36RCP 768 432 (RCP) 0 395 550 26 4.2

C-54RCP 550 650 (RCP) 0 395 550 26 4.8

C-18RBP 982 218 (RBP) 0 395 550 26 3.4

C-36RBP 768 432 (RBP) 0 395 550 26 3.8

C-54RBP 550 650 (RBP) 0 395 550 26 4.2

C-54(RMP+FA) 550 432 (RMP) 218 395 550 26 2.5

C-54(RCP+FA) 550 432 (RCP) 218 395 550 26 2.6

C-54(RBP+FA) 550 432 (RBP) 218 395 550 26 2.3
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3 Results and Discussion

3.1 Micro-Characteristics and Activity Index of RP
Fig. 4 SEM images of micro-structure of cement, FA and various RPs. For various binders with the same

measuring scale, the particle size of RP is lower than that of cement and FA. Especially for the micro-
structure of FA, a spheroidal structure is observed, which helps the micro-sphere effect and improves the
workability of the cement-based material. However, it can be seen that the micro-structures of RMP, RCP
and RBP are all irregular, and more edges and corners can be observed; in addition, some hydrated
cementitious products are observed from the micro-structure of RMP and RCP. The irregular micro-
structure and high specific surface area of RP results in a decrease in the workability of the mixture [26,42].

Fig. 5a shows the XRF results of cement, FA and various RPs. RMP contains high content of silicon dioxide
that is derived from sand, and the calcium oxide is mainly from the hydration products and unhydrated cement
particles in the original mortar waste. RCP contains high content of calcium oxide and silicon dioxide, and the
calcium oxide mainly comes from the hydration products and natural coarse aggregate in the original concrete
waste; in addition, these calcium compounds are less reactive than the silicon dioxide and aluminium oxide
that takes part in the pozzolanic reaction. RBP prepared from sintered clay brick mainly consists of silicon
dioxide and aluminium oxide, and these components help the pozzolanic reaction and improve the reactivity
of RBP. A similar conclusion can be drawn from XRD results of various binders, as shown in Fig. 5b; in
particular, the RMP contains some calcium hydroxide that is from the unhydrated cement particles in the
original mortar waste, and a high content of calcium carbonate exists in RCP.

Figure 3: Specimens and tensile strength test. (a) Specimens used in the tensile test and (b) Uniaxial tensile test
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The activity index of FA and RP was determined according to the British standard BS EN-450 and
Chinese standard GB/T-1596. The cement mortar with a water to binder ratio of 0.50 was used to
determine the activity index of RP; the mix proportion of plain mortar consists of cement (450 g), water
(225 g) and fine sand (1350 g), and the mix proportion of RP-prepared mortar consists of cement (315 g),
RP (135 g), water (225 g) and fine sand (1350 g) [34]. The samples after hardening were placed in a
curing room for 28 d, the compressive strength of the plain mortar and RP-prepared mortar was
determined, and the ratios of the RP mortar strength to the plain mortar strength is defined as the activity
index of RP, as shown in Fig. 6. The Chinese standard GB/T-1596 states that the activity index of SCM
should be above 70%. The determined activity indexes of various RPs are all above 70%, which means
that RP can to be utilized as an SCM, and the high activity index of RP is helpful to the properties of
prepared cementitious composites. Due to the high content of silicon dioxide or aluminium oxide in high
fineness RBP and RMP, the reactivity of RBP and RMP used in this work is higher than that of FA; for

Figure 4: Micro-structure of cement, FA and various RPs (50 μm and 10 μm). (a) Cement. (b) FA. (c) RMP.
(d) RCP. (e) RBP
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instance, the 3 d activity indexes of FA, RMP and RBP are 70.8%, 73.2% and 73.6%, respectively, and the
28 d activity indexes of FA, RMP and RBP are 83.2%, 85.5% and 87.0%, respectively. The RCP contains
some inert components and hydrated substances, thereby decreasing the reactivity of RCP; however, the high
fineness RCP still has a relatively high reactivity (the 28 d activity index is 78.7%) because of its filler effect
and can be utilized as an SCM in SHCC preparation.

3.2 Micro-Properties of Cementitious Composites with Various RPs
Fig. 7 shows the FTIR results of cement paste containing various types and contents of RPs. The peak at

approximately 970 cm−1 is attributed to the Si-O stretching vibration and the formation of the C-S-H gel [43].
The peak value of the Si-O stretching vibration increases with RP incorporation, which means that H2SiO4

2–

happens to form silicon-oxygen tetrahedra with a high polymerization degree; in this case, incorporating RP
promotes the hydration degree of cement-based material and improves the polymerization degree of C-S-H.
In addition, the peak value of the Si-O stretching vibration of cement paste with RBP is higher than that of
cement paste with RMP and RCP, which indicates that the cement paste with RBP has the most Si-O
stretching vibrations and the highest polymerization degree of C-S-H. The peak approximately 1421 cm−1

is attributed to the C-O stretching vibration and the formation of CaCO3 [43]; the results show that the
used RCP significantly increases the peak value of the Ca-O stretching vibration, because the original
concrete used to prepare RCP contains natural coarse aggregates that mainly consist of CaCO3; in
addition, RMP incorporation slightly increases the content of CaCO3 that is mainly derived from the
cement paste in the original mortar waste.

Fig. 8 shows the XRD results of the paste with various types and contents of RPs. For the cement paste
with RMP (Fig. 8a), the incorporated RMP results in an increase in the content of silicon dioxide and calcium
carbonate content; the silicon dioxide is mainly from natural sand, and the calcium carbonate is derived from
the cementitious material in the original mortar. For cement paste with RCP, a significant increase in the
calcium carbonate content is observed (Fig. 8b), and this calcium carbonate is mainly derived from the
natural coarse aggregate in the original concrete. For cement paste containing RBP (Fig. 8c), the silicon
dioxide concentration increases with RBP incorporation, while incorporated RBP decreases the
concentration of calcium carbonate and calcium hydroxide in cement paste; the increased silicon dioxide
content promotes the pozzolanic reaction, while the decreased calcium carbonate and calcium hydroxide
contents represent a reduction in the amount of hydration products. Fig. 9 further shows the various
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elemental contents of cement paste with and without RBP. Due to the high content of silicon in RBP, the
utilized RP significantly increases the silicon content of the cement paste, while the calcium content
decreases with RP incorporation. Such as, the calcium content is 203.0% higher than the silicon content
in cement paste without RBP, while the calcium content is 54.5% lower than the silicon content in
cement paste with 54% RBP. The significant decrease in the calcium content leads to an obvious decrease
in the amount of hydration products in the cementitious composites. Moreover, the incorporated RBP also
increases the iron and aluminium elemental contents of cement-based materials.
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Figure 7: FTIR spectra of cement paste containing various types and contents of RP. (a) Cement paste with
RMP. (b) Cement paste with RCP. (c) Cement paste with RBP
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3.3 Compressive Strength of SHCC Containing RP
The 3 d and 28 d compressive strength of SHCC containing various types and replacement ratios of RPs

were determined, and the results are shown in Figs. 10a–10c. The incorporated RP results in a decrease in the
compressive strength, and the reduction in the compressive strength is significant when the RP content is
above 36%. For instance, the compressive strength of SHCC containing 18%–54% RMP is 15.7%–44.3%
lower than that of SHCC without RMP, and the results are 25.6%–48.3% for SHCC with 18%–54% RCP,
and they are 11.7%–42.4% for SHCC with 18%–54% RBP. This is because RP incorporation decreases
the amount of hydration products, thereby decreasing the compressive strength of the SHCC. In addition,
the adverse impact of RP incorporation on the compressive strength decreases with increasing curing
days, and this is because the increased curing duration promotes the filler and pozzolanic effects of the
reactive RP; for instance, the 3 d compressive strength of SHCC containing 54% RMP, RCP and RBP
are 49.4%, 56.8% and 47.2% lower than that of SHCC without RP, while the 28 d compressive strength
of SHCC incorporating 54% RMP, RCP and RBP are 44.3%, 48.3% and 42.4%.

Comparing the results shown in Figs. 10a–10c, SHCC containing RMP and RBP have a higher
compressive strength than SHCC containing RCP when the replacement ratios of various RPs are the
same. For example, the compressive strength of SHCC containing 54% of RMP, RCP and RBP are
respectively 40.7 MPa, 37.8 MPa and 42.2 MPa after 28-d curing. This is because the activity index of
RMP and RBP is higher than that of RCP, as shown in Fig. 6. In addition, RMP and RBP have higher
silicon oxide and aluminium oxide contents than RCP, and these active substances promote the
pozzolanic reaction, which improves the properties of the prepared SHCC; however, RCP has a high
calcium carbonate content, which hardly promotes the secondary hydration reaction of the cement-based
material. Furthermore, Fig. 10d shows the compressive strength of SHCC with RP and FA, and
incorporated FA decreases the compressive strength of SHCC when partially replacing RP with the same
weight of FA. The compressive strength of SHCC with the FA and RP mixture is lower than that of
SHCC with only RP; for instance, the 28 d compressive strength of SHCC with FA and RP mixture are
1.7%–8.1% lower than that of SHCC with only RP when total SCM content is 54%. This is mainly

Figure 9: Elemental content of cement paste with and without RBP. (a) Paste without RBP and (b) Paste
with 54% RBP
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because the particle size of RP is lower than that of FA, and thus, the filler effect of FA is lower than that of
RP; this is especially true for RMP and RBP with a high content of silicon dioxide, and the activity index of
RMP and RBP is higher than that of FA; therefore, the compressive strength decreases when replacing RP
with FA in SHCC.

3.4 Tensile Behavior of SHCC with Reactive RP
This section investigated the influence of the RP types and contents on the tensile behavior of prepared

SHCC. Fig. 11 shows the stress-strain curve of SHCC with various replacement ratios of RMP. The ultimate
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strain of SHCC increases with RMP incorporation, and the increase is significant when the RMP replacement
ratios are above 36%; for instance, the ultimate strain of C-18RMP, C-36RMP and C-54RMP are 15.9%,
117.0% and 310.2% higher than that of the control group. Meanwhile, the incorporated RMP decreases
the ultimate stress of SHCC; for example, the ultimate stress of C-18RMP, C-36RMP and C-54RMP are
6.2%, 15.5% and 18.0% lower than that of the control group without RMP, respectively. In particular, the
strain-hardening performance of the SHCC improves with increasing the RMP replacement ratios, RMP
incorporation decreases the amplitude of the stress-strain curves, and multiple cracks form and develop
with RMP incorporation; especially for SHCC containing 54% RMP, a good strain-hardening
performance can be observed. Fig. 11 further shows the actual crack distribution of the SHCC containing
various contents of RMP, and many cracks can be observed on the surface of SHCC with RMP
incorporation. In addition, the incorporated RP tends to decrease the crack width of SHCC, and one
previous study that the maximum crack width of cementitious material incorporating 25% and 50% RP is
approximately 14.2% and 18.5% lower than that of reference cementitious material without RP [19].

Figure 11: Stress-strain curves of RMP-prepared SHCC under uniaxial tensile load. (a) Without RMP
(Control group), (b) Replacing cement with 18% RMP (C-18RMP) and (c) Replacing cement with 36%
RMP (C-36RMP). (d) Replacing cement with 54% RMP (C-54RMP)
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The above mentioned results indicate that the utilized RMP improves the strain-hardening performance
of SHCC. The crack-bridging action in the SHCC without RMP is mainly caused by the interaction between
the C-S-H gel in the cement paste and PVA fibers, and in this case, the crack-bridging action is weakening
because of the brittle characteristics and high strength of the C-S-H gel; moreover, the high matrix strength is
adverse to the strain-hardening performance of the SHCC. The incorporation of RMP decreases the matrix
strength of SHCC, thereby improving the strain-hardening performance of SHCC; in addition, the high
fineness and irregular micro-structure of RP also helps the frictional force between the paste and PVA
fibers; a similar phenomenon is also reported by Yu et al. [44], who explained that the irregular particle
morphology and rough surface of RP resulted in an increase in the connectivity between the paste and the
fiber, and the frictional force that provided fiber pull-out increased with RP incorporation. Moreover,
the low matrix strength and the superior interface properties between the fiber and the paste improve the
strain-hardening and multiple cracking performances [45]; when replacing the cement with the same
weight of RMP, the decreased strength of the cement-based material results in the cracking strength being
below the maximum crack-bridging force, and in this case, the PVA fiber is prone to pull-out rather than
fracture failure, thereby improving the strain-hardening performance.

However, the incorporated RMP decreases the ultimate stress of SHCC, because RMP incorporation
decreases the total amount of hydration products in SHCC. Note that there is no significant decrease in
the ultimate stress of SHCC when the RMP replacement ratios range from 36% to 54%. This is because
the incorporated RMP improves the strain-hardening performance of SHCC, and in this case, the adverse
effect of the reduction in the amount of hydration products and mechanical properties is declined. In
addition, the w/b ratio of SHCC is 0.33, and some un-hydrated cement particles can further react with the
RMP particle by a pozzolanic reaction and secondary hydration reaction; therefore, there is no significant
decrease in the ultimate stress of SHCC with RMP incorporation up to 54%.

Fig. 12 shows the stress-strain curves of SHCC with various RCP replacement ratios. The ultimate strain
increases and the ultimate stress decreases with increasing RCP contents; such as, the ultimate strain of C-
18RCP, C-36RCP and C-54RCP is 32.9%, 97.7% and 186.4% higher than that of the control group without
RMP, while the ultimate stress of C-18RCP, C-36RCP and C-54RCP is 10.1%, 19.1% and 21.3% lower than
that of the control group. For SHCC without RCP, the main crack rapidly occurs and develops to failure with
the increase of applied load; however, for SHCC containing 54% RCP, the more cracks forms and develops
on the surface of SHCC, thereby increasing the strain-hardening performance and ultimate strain. This is
because the incorporated RCP results in a decrease in the matrix strength and improves the strain-
hardening performance of prepared SHCC.

Fig. 13 shows the stress-strain curves of SHCC with various RBP contents, and a similar conclusion is
drawn. The incorporation of RBP increases the ultimate strain and decreases the ultimate stress of prepared
SHCC; such as, the ultimate strain of SHCC with C-18RBP, C-36RBP and C-54RBP is 30.7%, 97.7% and
301.1% higher than that of the control group, and the ultimate stress of C-18RBP, C-36RBP and C-54RBP is
8.1%, 13.5% and 16.7% lower than that of the control group. In particular, the multiple cracks uniformly
distribute on the surface of C-54RBP sample, and some tiny cracks on SHCC with 54% RBP are closed
after unloading. This is because the strength of cement matrix decreases with RBP incorporation, thereby
improving the strain-hardening behavior of SHCC; in addition, the high fineness and reactive RBP
contains high SiO2 content, and these amorphous compound promotes the pozzolanic reaction and filler
effect, which also helps the mechanical properties [34].
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Fig. 14 shows the tensile behavior parameters of SHCC with various types and replacement ratios of
RPs. The utilized RP increases the ultimate strain and decreases the ultimate stress of SHCC. Moreover,
the SHCC with RMP and RBP have a higher ultimate strain and stress than the SHCC with RCP when
the replacement ratios of the various RPs are the same; this is because the activity index of RMP and
RBP is higher than that of RCP, and the micro-structure and tensile behavior of the RMP- and RBP-
prepared SHCC are better than those of RCP-prepared SHCC when the RP replacement ratios are the
same. Fig. 15 shows a comparison of the strain-stress of SHCC with the same replacement ratios of FA
and RP. As shown in Fig. 15a, the common SHCC with a 54% FA replacement ratio has an excellent
strain-hardening performance, and the ultimate strain is approximately 4%; multiple cracks uniformly
distribute on the surface of C-54FA, and the observed crack number at an 80 mm length in C-54FA after
failure is 24-32N. Fig. 15b shows the stress-strain curves of SHCC containing 54% of RMP, RCP and
RBP. The ultimate stress of C-54RMP and C-54RBP is slightly higher than that of C-54RCP, and the
ultimate strain of C-54RMP and C-54RBP is higher than that of C-54RCP, which means that the SHCC

Figure 12: Stress-strain curves of RCP-prepared SHCC under an uniaxial tensile load. (a) Without RCP
(Control group), (b) Replacing cement with 18% RCP (C-18RCP), (c) Replacing cement with 36% RCP
(C-36RCP) and (d) Replacing cement with 54% RCP (C-54RCP)
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with RMP and RBP has a better strain-hardening performance than SHCC with RCP. Comparing the stress-
strain curves of the SHCC with the same content of FA and RP, the ultimate stress of the RP-prepared SHCC
is higher than that of the FA-prepared SHCC, while the ultimate strain of the RP-prepared SHCC is lower
than that of the FA-prepared SHCC; the ultimate strain of C-54RMP and C-54RBP is slightly lower than
that of C-54FA, while the ultimate strain of C-54RCP is much lower than that of C-54FA. Fig. 16 shows
the SEM images of the interface between fiber and matrix in ECC/SHCC with and without RP [19]; the
fiber surface was smooth with slight matrix particle adhesives in reference cementitious composites; while
the lateral surface of fiber in cementitious composites incorporating 25% RP was stuck to more matrix
articles during the pullout process leading to a higher tensile strength; and some fibers were grooved
severely on the surface or even fractured during the pull-out process.

For SHCC containing FA, the improvement in the strain-hardening performance is because FA contains
a high content of non-ionizing calcium ions and dilutes the calcium ion concentration of the cement paste,
thereby decreasing the bridging strength between the matrix and PVA fiber; PVA fiber is easy to pull-out from

Figure 13: Stress-strain curves of RBP-prepared SHCC under an uniaxial tensile load. (a) Without RBP
(Control group), (b) Replacing cement with 18% RBP (C-18RBP), (c) Replacing cement with 36% RBP
(C-36RBP) and (d) Replacing cement with 54% RBP (C-54RBP)
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the matrix rather than pull-cut, and in this case, the strain-hardening performance of the SHCC is improved with
FA incorporation [46]. For SHCC containing RP, on the one hand, the RP incorporation decreases the matrix
strength, thereby improving the ductility and strain-hardening performance of the SHCC; on the other hand, the
utilized RP with a small particle size and irregular micro-structure results in a larger frictional force between the
paste and PVA fiber than FA results in when incorporated in SHCC, and thus, the RP-prepared SHCC also has a
good strain-hardening performance; for example, when 50% and 100% of FA in fiber-reinforced cementitious
composites is replaced with the same weight of RP, Yu et al. [44], through a single-crack tension test, found that
the frictional force between the matrix and fiber in cementitious composites with RPwas 18%–40% higher than
the frictional force in cementitious composites with FA. However, the improvement in the strain-hardening
performance of SHCC with RMP and RBP is superior to that of SHCC with RCP, because the reactivity of
RMP and RBP is higher than that of RCP, as shown in Fig. 6.

Figure 14: Ultimate strain and stress of SHCC containing various types and replacement ratios of RPs. (a)
Ultimate strain. (b) Ultimate stress

Figure 15: Comparison on the stress-strain curves of SHCC with the same content of FA and RP. (a) SHCC
containing FA (Control group) and (b) SHCC containing various RPs
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3.5 Improvement in the Tensile Behavior of SHCC by Double Mixing RP and FA
This section aims to investigate the feasibility of double mixing RP and FA to achieve a more ductile

SHCC; the total replacement ratios of SCM are kept at 54%, and in this case, part of RP is replaced by
the same weight of FA. Fig. 17a shows the stress-strain curves of SHCC containing 54% FA, and Figs.
17b–17d shows the stress-strain curves of SHCC containing 36% RP and 18% FA. Comparing with the
results shown in Figs. 17a–17d, the ultimate stress of the SHCC with the FA and RP mixture is higher
than that of the SHCC with only FA; such as, the ultimate stress of C-54(RMP+FA), C-54(RCP+FA) and
C-54(RBP+FA) is 7.9%, 11.4% and 14.4% higher than that of C-54FA; in addition, replacing part of the
RP with FA increases the ultimate strain of RP-prepared SHCC when compared with the results shown in
Figs. 11–13 and Fig. 17. Comparing with the stress-strain curves shown in Figs. 17a–17d, the ultimate
strain of C-54(RMP+FA) and C-54(RBP+FA) is similar to that of C-54FA, while the ultimate strain of C-
54(RCP+FA) is still lower than that of C-54FA; for instance, the ultimate strain of C-54(RMP+FA), C-54
(RCP+FA) and C-54(RBP+FA) is 3.0% lower, 30.8% lower and 3.3% higher than that of C-54FA,
respectively. Combining the results shown in Figs. 11–13 shows that the double mix of RP and FA
improves the strain-hardening performance of SHCC compared with the SHCC containing only RP; for
instance, the ultimate strain of C-54(RMP+FA), C-54(RCP+FA) and C-54(RBP+FA) is 6.4%, 8.7% and
15.9% higher than that of C-54RMP, C-54CP and C-54RBP, respectively, as shown in Figs. 18a−18c.

The above mentioned results indicate that the double mix of RP and FA can obtain SHCC with a good
ductility and strain-hardening performance. One the one hand, the addition of RP decreases the matrix
strength and improves the ductility of RP prepared SHCC; in addition, the microsphere effect of FA
improves the workability, and the PVA fiber can well disperse in SHCC, which helps the properties of
RP-prepared SHCC. On the other hand, incorporating FA and RP further promotes the pozzolanic effect
[47]; the improved micro-structure increases the frictional force between the paste and PVA fiber. In
addition, the improvement in the strain-hardening of C-54(RMP+FA) and C-54(RBP+FA) is more
significant than that of C-54(RCP+FA), because the activity index of RMP and RBP is high than that of
RCP. Fig. 18 shows the actual cracking pattern of SHCC containing RP and the RP-FA mixture. The
crack number in the SHCC with both RP and FA is higher than that of the SHCC with only RP.
Therefore, double mixing RP and FA is recommended for improving the tensile behavior of SHCC;
especially for SHCC with FA and RMP or RBP, the ultimate strain of the modified SHCC is similar to
that of the common SHCC containing only FA, and meanwhile the ultimate stress of the modified SHCC
is higher than that of the common SHCC with only FA.

Figure 16: SEM images of fiber and fiber/matrix interface of ECC/SHCC at 28d [19]. (a) Reference
cementitious composites and (b) Cementitious composites incorporating RP
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This study investigated the micro-properties and tensile behavior of SHCC containing various types and
contents of RPs, and the improvement in the strain-hardening performance by double mixing RP and FA is
also investigated. However, there are some shortcomings of the current research. For example, the particle
size of the RP used in this study is much lower than that of the cement and FA necessary to achieve a high
reactivity, and the effects of the particle size of RP on the tensile behavior of SHCC should be investigated. In
addition, the durability properties significantly impact the service life of concrete structures, and the micro-
structure corresponds to the macro-properties of cement-based materials [48–55]; therefore, the durability
performance and the related micro-structure of RP-prepared SHCC also needs to be studied. In addition,
it is a challenge to claim that the RP are sustainable, and thus, the sustainability of RP-prepared SHCC
having the same mechanical performance should be compared in a future investigation [56].

Figure 17: Stress-strain curves of SHCC containing a mixture of FA and RP when the total replacement
ratios are all 54%. (a) SHCC containing FA (Control group), (b) SHCC containing a mixture of RMP and
FA, (c) SHCC containing a mixture of RCP and FA and (d) SHCC containing a mixture of RBP and FA
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4 Conclusions

To achieve the eco-friendly and high-efficiency reclamation of construction and demolition (C&D)
waste, this work investigated the micro-properties and tensile behavior of SHCC containing various types
and contents of RPs from C&D waste. Based on the analysis and discussion of testing results, the
following conclusions can be drawn.

1. The RP obtained from C&D waste has an irregular micro-structure. The low particle size of the RP
used in this paper well fills the micro-pores of cementitious material. The high content of SiO2 or
Al2O3 in RMP and RBP promotes the pozzolanic effect, while RCP contains a high content of
calcium carbonate; therefore, the RMP and RBP have a higher reactivity than the RCP. However,
the incorporated RP decreases the hydration products content and matrix strength.

2. The activity index of FA, RMP, RCP and RBP is 83.2%, 85.5%, 78.7% and 87.0%, respectively. The
incorporated RP decreases the compressive strength, and the decreased matrix strength helps the
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Figure 18: Comparison on the hardening behavior of SHCC containing RP and RP-FA mixture when the
total replacement ratios are all 54%. (a) RMP, (b) RCP, (c) RBP and (d) Actual cracking pattern after failure
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strain-hardening performance of the SHCC; in addition, the compressive strength of the SHCC
further decreases when partially replacing RP by FA.

3. Replacing cement by RP improves the ultimate strain and decreases the ultimate stress of SHCC,
which means that RP incorporation improves the tensile behavior. In addition, the irregular micro-
structure and high reactivity of RP help the frictional force between the matrix and PVA fiber. The
tensile behavior of SHCC containing RMP and RBP is better than that of SHCC containing RCP.
The ultimate strain of SHCC containing 54% of FA, RMP, RBP and RCP is 3.96%, 3.61%,
2.52% and 3.53%, respectively.

4. Double mixing RP and FA can further improve the tensile behavior of SHCC, and the strain-
hardening performance of SHCC with FA and RMP or RBP is close to that of SHCC with only
FA. Therefore, using RP to prepare ductile SHCC is feasible, and the RMP and RBP are more
appropriate in SHCC preparation than RCP.

5. The strain-stress and related parameters are used in evaluating the tensile behavior of RP prepared
SHCC. However, the crack width and crack number and the micro-characteristics of cracking area
were not determined in this work; thus, these properties should be determined in further study to
achieve a better understand on the tensile behavior of RP-prepared SHCC.
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