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Abstract: The utilization of recycled brick aggregate (RBA) and recycled brick powder (RBP) in
cementitious materials helps the reclamation of clay brick waste in construction and demolition
waste. This work studied the properties of cementitious materials with RBA as aggregate and RBP
as supplementary cementitious material. The RBA has lower apparent density and higher water
absorption than natural aggregate, and RBP with an irregular micro-structure contains high content
of silicon and aluminum oxides and possesses excellent pozzolanic activity. Incorporating RBP
decreases the fluidity and increases the setting time, but the incorporated RBP improves the pore
structure and decreases the average pore diameter of cementitious materials, thereby decreasing the
permeability. Utilizing RBA increases the drying shrinkage, while the incorporated RBP decreases
the drying shrinkage of cementitious materials; the mortar with 50% RBA and 30% RBP has the lower
drying shrinkage than the common mortar without RBA and RBP. Incorporating RBA and high-
volume RBP decreases the mechanical strength, while there is no obvious decrease in the mechanical
strength for the mortar with 50% RBA and 30% RBP. Moreover, the flexural strength to compressive
strength ratio increases with RBA and RBP incorporating. Utilizing RBA increases the water transport,
while the water transport properties decrease with the RBP incorporation; incorporating appropriate
content of RBA and RBP can obtain the cementitious materials with low permeability. Particularly, a
significant decrease in chloride ingress occurs with the substitution of RBP.

Keywords: clay brick waste; recycled brick aggregate; recycled brick powder; properties evaluation

1. Introduction

Rapid urbanization has been resulting in the massive output of construction and
demolition waste (CDW), and the CDW amount will still be at a high level in the next
decade [1–3]. CDW occupies a lot of urban land and contains some pollutants, so it has
been the burden for human society and natural environment; therefore, developing an
effective approach to recycling CDW has been a challenge for civil and environmental
engineering [4,5]. The concrete and clay brick wastes account for the majority proportion of
CDW, and thus, these wastes are currently crushed into recycled materials and then utilized
in new cementitious materials [6–8]. Properties of recycled aggregate and powder from
concrete waste in CDW have been investigated systematically by previous investigations,
showing that the incorporation of recycled concrete aggregate and powder generally
had an adverse impact on the micro-structure and macro-properties [9,10], early-age
performance [11,12], mechanical strength [13,14] and durability performance [15–17] of
the prepared mortar and concrete. In recent years, the scholars worldwide have been
attempting to use the recycled materials from clay brick waste in preparing cementitious
materials, which can help the reclamation and reduction in clay brick waste in CDW.
Currently, the clay brick waste can be recycled into recycled brick aggregate (RBA) and
recycled brick powder (RBP) and then utilized in cementitious materials.
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For the cementitious materials with RBA from clay brick waste, the RBA is utilized as
aggregate to replace the natural aggregate. Most previous investigations reported that the
utilized RBA decreased the mechanical strength and durability performance of cementi-
tious materials, and high replacement ratios of RBA were not recommended. For example,
Cachim [18] found that the RBA could be utilized as natural aggregate, and there was a
reduction in concrete strength with the RBA incorporation; a similar phenomenon was also
reported by Zheng et al. [19] and Debieb and Kenai [20]. Zong et al. [21] reported that mix-
ing RBA in increased the permeability of concrete. In addition, the pre-soaking treatment
of RBA has an obvious impact on the concrete properties; the mortar with dry RBA has a
higher mechanical strength and lower water transport property than that with pre-soaking
RBA, and this is because the absorbed free water releasing from RBA into the cementitious
materials provides an internal curing condition [22]. Ge et al. [23] further found that it
was feasible to use pre-wetting RBA as an internal curing agent for cementitious materials,
because RBA had higher water absorption than the natural aggregate.

For the cementitious materials prepared with RBP from clay brick waste, the RBP
is frequently utilized as supplementary cementitious material (SCM), and the cement
is replaced with the same mass RBP, which makes the water to binder (w/b) ratios of
cementitious materials with various RBP substitution rates the same. The utilized RP
does not change the types of hydration production in cement-based materials [24]; more-
over, incorporating high-fineness RP promotes the pozzolanic activity, thereby refining
the micro-structure of cement-based materials [25,26]. The mixed RBP up to 15% has less
impact on the mechanical strength of cementitious materials, but a significant reduction in
mechanical strength occurs when high-volume RP is incorporated [27]. Because the RBP
has excellent pozzolanic and filler effects, the utilization of RBP improves the permeability
resistance. Ortega et al. [28] stated that the water absorption coefficient of cementitious
materials incorporating 20% RBP was approximately 19.2% lower than that without RBP,
and Schackow et al. [29] reported a similar phenomenon. Yang et al. [30] further utilized
RBP as SCM in producing foam concrete, and some satisfactory results were observed.
However, some investigations reported that the incorporated RBP decreased the carbona-
tion resistance of concrete, because the alkali content decreased with the recycled powder
incorporation [24,31].

Although many scholars have investigated the properties of cementitious materials
with RBA or RBP, there is a lack of studies on the properties of cementitious materials
incorporating both RBA and RBP. The utilization of RBA as aggregate and RBP as SCM
in concrete helps the recycling and reclamation of clay brick waste from CDW, which is
eco-friendlier. Therefore, this work focused on the properties of cementitious materials with
both RBA and RBP, and the micro-structure, early-age performance, mechanical strength
and transport properties were mainly measured. The authors hope the findings in this
work may help the further application and studies on the concrete with recycled materials
from clay brick waste.

2. Materials and Experiments
2.1. Fundamental Characteristics of RBA and RBP from Clay Brick Waste

Figure 1 shows the testing process of this work. The clay brick waste was first
separated and collected from CDW, and then, the clay brick waste was dried in a drying
oven until reaching a constant weight. Second, a jaw crusher was employed to crush the
dried clay brick waste into RBA (≤5 mm). One part of RBA was utilized in preparing RBA
mortar, and the other part of RBA was further ground into active RBP with a maximum size
of 75 µm by ball grinding mill (QM3SP2L, Chishun Science & Technology CO., Ltd, Nanjing,
China), and a prolonged grinding duration decreased the RBP particle size and helped its
pozzolanic activity. Finally, the cement mortar containing RBA and RBP was prepared, and
the micro-properties, early-age performance, mechanical strength and transport properties
were measured to evaluate the properties of it.
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Figure 1. Investigating and testing process of this work. 

Table 1 shows the properties of natural sand and RBA with the particle size up to 
2.36 mm. Because the fired clay brick has high porosity, the porosity and water absorp-
tion of RBA are higher than these of natural sand. The determined water absorption of 
natural sand and RBA is 0.6 and 17.0%, respectively. The apparent density of RBA is 
lower than that of natural sand, approximately 19.1% lower than that of natural sand. 
Figure 2 shows the appearance and scanning electron microscope (SEM; Equipment: 
S-4800 II, Hitachi, Tokyo, Japan) images of cement and RBP. The RBP presents a red color 
because the initial clay brick waste is red; in this case, the red color of the prepared mor-
tar and concrete increases as RBP incorporates. The SEM images show that the mi-
cro-structure of an RBP particle is more irregular than that of a cement particle, and 
more edges and corners can be seen from the SEM images of RBP. The main crystal 
phase in the RBP is quartz and also includes albite, calcite, anorthite and sanidine [26]. 
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Figure 2. Micro-structure of cement and recycled brick powder (RBP) particles. 

Table 1. Properties of natural sand and recycled brick aggregate (RBA). 

Samples Particle Size Apparent Density Water Absorption  
Natural sand 0.15–2.36 mm 2510 kg/m3 0.6% 

Figure 1. Investigating and testing process of this work.

Table 1 shows the properties of natural sand and RBA with the particle size up to
2.36 mm. Because the fired clay brick has high porosity, the porosity and water absorption
of RBA are higher than these of natural sand. The determined water absorption of natural
sand and RBA is 0.6 and 17.0%, respectively. The apparent density of RBA is lower than
that of natural sand, approximately 19.1% lower than that of natural sand. Figure 2 shows
the appearance and scanning electron microscope (SEM; Equipment: S-4800 II, Hitachi,
Tokyo, Japan) images of cement and RBP. The RBP presents a red color because the initial
clay brick waste is red; in this case, the red color of the prepared mortar and concrete
increases as RBP incorporates. The SEM images show that the micro-structure of an RBP
particle is more irregular than that of a cement particle, and more edges and corners can be
seen from the SEM images of RBP. The main crystal phase in the RBP is quartz and also
includes albite, calcite, anorthite and sanidine [26].
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Table 1. Properties of natural sand and recycled brick aggregate (RBA).

Samples Particle Size Apparent Density Water Absorption

Natural sand 0.15–2.36 mm 2510 kg/m3 0.6%
RBA 0.15–2.36 mm 2030 kg/m3 17.0%

Tang et al. [24] suggested that the RBP fineness should be lower than the cement
fineness when RBP is utilized as SCM in cementitious materials. Figure 3a gives the particle
size of cement and RBP, and the particle size of RBP utilized in this work is lower than
that of cement in this work. The measured median particle size of RBP and cement is
approximately 11.0 and 20.0 µm, respectively. Figure 3b gives the elemental components of
RBP, and the RBP contains high content of oxygen, silicon and aluminum elements; the
existence of silicon oxide and aluminum oxide promotes the pozzolanic activity and helps
the properties of the prepared cementitious materials [32–34]. Figure 3c and Table 2 further
shows the oxide composition of RBP and cement by an X-ray fluorescence (XRF; Equipment:
Center XRF-1800, Shimadzu, Kyoto, Japan) test. The content of silicon dioxide and alumina
in RBP is higher than that in cement, and the calcium oxide content of RBP is much lower
than that of cement. Therefore, incorporating RBP promotes the pozzolanic effect, while
the decrease in calcium oxide content results in the reduction in hydration products in
cementitious materials with the high-volume RBP incorporation. The oxide types of RBP
are similar to those of fly ash, which further proves the feasibility of utilizing RBP as SCM.
Figure 3d shows the mineral component of RBP and cement by X-ray diffraction (XRD;
Equipment: D8 Advance, Bruker AXS, Karlsruhe, Germany) test, and the quartz content of
RBP is much higher than that of cement because of the high quartz content in the initial
clay brick waste.

Table 2. Chemical composition of RBP, cement and fly ash.

Binders
Main Oxide Content (%)

SiO2 CaO Al2O3 Fe2O3 MgO

RBP 76.1 1.3 11.8 4.8 1.7
Cement 21.9 58.6 6.1 3.1 2.1
Fly ash 48.3 3.75 28.5 4.7 0.7
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2.2. Mix Proportions and Samples Preparation

This work aims at investigating the influence of RBA and RBP incorporation on the
properties of the prepared cementitious materials. Table 3 shows the mix proportion of
cement mortar with RBA and RBP. First, the mortar samples with various RBA substitution
rates were prepared, and the natural sand was substituted with the same volume of RBA
because of the great difference in the apparent density between RBA and natural sand; for
example, the M-50RBA sample presents that 50% natural sand in mortar is replaced with
RBA by volume. Second, the mortar samples incorporating various RBP substitution rates
were prepared, and the cement in mortar was substituted with RBP in the same mass; for
instance, the M-50RBP sample represents that the 50% cement in mortar is substituted with
RBP by mass. Finally, the mortar samples incorporating both RBA and RBP were prepared.
Considering that high RBA substitution rates are not recommended in preparing new
cementitious materials because of the high water absorption of RBA, the RBA substitution
rate is kept at 50% in this work, and meanwhile, the RBP substitution rates range from 0 to
50%, which may help achieve the durable cementitious materials with both RBA and RBP.
For example, the M-50RBA+50RBP sample presents that 50% natural sand was substituted
with the same volume of RBA, and 50% cement was substituted with the same mass of RBP.
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Table 3. Mix proportion of cement mortar with RBA and RBP (kg/m3).

Samples Water Cement RBP Sand RBA

M-0RBA 225 450 0 1350 0
M-25RBA 225 450 0 1013 273
M-50RBA 225 450 0 675 546
M-100RBA 225 450 0 0 1092

M-0RBP 225 450 0 1350 0
M-10RBP 225 405 45 1350 0
M-30RBP 225 315 135 1350 0
M-50RBP 225 225 225 1350 0

M-50RBA 225 450 0 675 546
M-50RBA+10RBP 225 405 45 675 546
M-50RBA+30RBP 225 315 135 675 546
M-50RBA+50RBP 225 225 225 675 546

For the RBA-prepared mortar, the high water absorption of RBP frequently results in
the decrease in the effective w/b ratio and workability of prepared mixture, and thus, the
extra water is added in preparing RBP mortar. The amount of extra water can be calculated
based on the water absorption of RBP, as shown in Table 1. The obtained extra water is
first mixed with RBP for 15 min to achieve a state of saturated surface dry, and then, the
other mixtures in Table 3 were mixed to prepare the RBA mortar. For the RBP-prepared
mortar, the incorporation of RBP with irregular micro-structure leads to the reduction in
the fluidity of prepared mixture, and thus, the dosage of water reducer mixed is increased
with the increase in RBP substitution rates [24]; in this case, the adverse impact of RBP
incorporation on the workability of mixture is decreased. After sample preparation and
24 h hardening, all the samples were cured for 28 d (T = 20 ± 2 ◦C), and then, the micro-
and macro-properties of mortar with RBA and RBP were measured.

2.3. Micro-Properties Determination

The micro-properties were measured to achieve a better understanding of the
water transport in cementitious materials. The micro-structure and elemental composi-
tion were measured by a SEM test, and the determined sample was first dried at 50 ◦C
for 48 h before SEM test. The mineral composition was analyzed via XRD test, and the
XRD equipment is equipped with a Cu anode (40 kV, 40 mA); the powder samples were
first dried and then sieved through 75 µm, scanned from 10 to 60

◦
at 2θ angle position.

The thermogravimetric analysis (TG; Equipment: Pyris 1 TGA, PerkinElmer, Norwalk,
CT, USA), and Fourier transform infrared spectroscopy (FTIR; Equipment: Cary 610,
Varian, Palo Alto, CA, USA) tests were conducted to quantify the impact of RBP in-
corporation on the hydration products in cementitious materials. This work mainly
focused on the pore size distribution, and the test of mercury intrusion porosimetry
(MIP; Equipment: Auto Pore IV 9500, Micromeritics Instrument Corporation, Norcross,
GA, USA) was conducted to quantify the pore characteristics of cementitious materi-
als incorporating various RBP substitution rates. Moreover, the MIP test can further
classify the pores into gel pores (0–10 nm), mesopores (10–100 nm), capillary pores
(10–1000 nm) and macropores (>1000 nm), and the pores below 100 nm are frequently
considered as harmless and less harmful pores for cementitious materials [25,35]. The
parameters such as pore size distribution, total porosity and average pore diameter
can be obtained by MIP test.

The porosity is defined as the ratio of the pore volume to the apparent volume, and
the total porosity measured by MIP test is the ratio of the accumulative mercury volume
under maximum pressure to the total sample volume [36]. In the MIP test, the pore size
distribution can be described by Equation (1), where ψ(r) is the function of pore size
distribution, and it is the percentage of the pore volume with r radius to the total volume
of the opened pore; V is the total volume of the opened pore with radius below r; VT0 is the
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total volume of the opened pore; p is the pressure required to press mercury into the pore
with the radius of r; σ is the surface tension, and θ stands for the wetting angle between
the porous material and mercury. The average pore diameter can be further obtained from
Equation (2) when supposing the pore shape is an opened cylinder; where dmean is the
average pore diameter, and S is the total surface area for the pores. Furthermore, the pore
diameter d can be related to the applied pressure P, using the Washburn equation [37,38];
as shown in Equation (3), r is the surface tension of mercury (0.485 N/m), and θ is the
contact angle between mercury and pore wall (130

◦
).

ψ(r) =
P2

2σcosθVT0
× d(VT0 −V)

dp
(1)

dmean =
4V
S

(2)

d = −4rcosθ

P
(3)

Although the MIP test is commonly utilized to characterize the pore size distribution
of porous material, the pore size measured by MIP refers to percolation size of pores (size
of pore neck) corresponding to the intruded pressure rather than a real diameter of cylinder
tubes [38]. This size notion is different from the real geometry size of pores, such as directly
observed by SEM or optical microscopy [38,39].

2.4. Early-Age Performance and Mechanical Strength Determination

The fluidity of cementitious material with various substitution rates of RBP was
measured in accordance with Chinese standard GB/T 8077. The initial and final setting
time of the RBP-prepared paste were measured referring to Chinese standard GB/T 1346;
a Vicat apparatus was employed in testing the setting time, and the w/b ratio of the
RBP-prepared paste is designed as 0.5, which is the same with the w/b ratio of the RBP-
prepared mortar, as shown in Table 3. The sample with a size of 25 × 25 × 280 mm
was employed in measuring the drying shrinkage behavior of the RBP-prepared mortar.
The drying shrinkage test was conducted and measured referring to Chinese standard
JC/T 603. A comparator was utilized in drying shrinkage test, and the sample length
was determined by a dial indicator. The samples after 24 h hardening were placed in the
water (20 ± 1 ◦C) for two days, and then, these samples were taken out from water and the
initial length was measured by a comparator. Subsequently, the samples were placed in a
curing condition (T = 20 ◦C ± 3 ◦C, RH = 50% ± 4%). The drying shrinkage test lasted for
56 d, and the sample length was measured after various drying duration; in this case, the
drying shrinkage rate of cementitious materials with various RBP substitution rates can be
calculated. The samples with the size of 40× 40× 160 mm and 70.7× 70.7× 70.7 mm were
utilized in determining the flexural and compressive strength of the RBP-prepared mortar,
respectively, and an universal mechanical testing machine was employed in mechanical
strength determination; moreover, the flexural strength to compressive strength ratio was
utilized to evaluate the ductility of cementitious materials with RBA and RBP.

2.5. Water Transport and Chloride Ingress Test

The water transport behavior is a major parameter in evaluating the properties of
porous cementitious materials, and it is frequently characterized by a capillary absorption
experiment [40–42]. The capillary absorption test lasted for 48 h, and the utilized sample
was a cube with the side length of 70.7 mm. Equations (4) and (5) show the computational
formulas to quantify the water transport in cementitious materials, where ∆W is the mass
of absorbed water (g/m2), and Aw is the coefficient of water absorption; t is the duration for
water absorption (h); m1 and m0 are the mass of sample before and after water penetration;
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S is the contact area with water (m2) [43,44]. Moreover, the higher value of Aw manifests
the higher water transport rate in cementitious materials.

∆W = (m1 −m0)/S (4)

∆W = AW
√

t (5)

Water distribution can be further quantified based on the unsaturated capillary ab-
sorption theory [27]. Equations (6)–(9) show the relationship between the relative water
content and the water transport depth in cementitious materials, where x stands for the
water transport depth; θ is the relative water content with the value of 0–1; s is the relative
absorption rate of cementitious materials; A and λ(θ) are the undetermined coefficient; D0
and n are the regression parameter of testing data, and n is generally defined as the value
of 4 [45,46].

x = ϕ
√

t =
−s +

√
s2 + 4Aλ(θ)

A

√
t (6)

D0 =
(1 + n)(2 + n)s2

3 + 2n
(7)

A =
1

2(2 + n)
(8)

λ(θ) =
D0

n
(1− θn) (9)

The chloride ingress behavior is evaluated by the test of rapid chloride migration
(RCM), and a cylinder sample with 100 mm diameter and (50 ± 2) mm thickness is
employed. The RCM test is conducted according to “Standard for test methods of long-
term performance and durability of ordinary concrete” (GB/T 50082-2009), as shown
in Figure 4c. The used cathode solution is 10% NaCl solution, and the anode solution
is 0.3 mol/L NaOH solution; moreover, the temperature of testing environment keeps
at 20–25 ◦C, and the applied voltage ranges up to 60 V [36]. The chloride penetration
depth was measured, and chloride diffusion coefficient could be calculated by Equation
(10), where Dnssm is the chloride diffusion coefficient (10−12 m2/s); T is the measuring
temperature (◦C); L is the thickness of the sample (mm); xd is the chloride ingress depth
(mm); E is the applied voltage (V); t is the testing duration (h) [47,48].

Dnssm =
0.0239(273 + T)L

(E− 2)t
(xd − 0.0238

√
(273 + T)Lxd

E− 2
) (10)
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3. Results and Discussion
3.1. Pore Structure and Micro-Properties of Cementitious Materials with RBP

The pore structure corresponds to the mechanical strength and transport properties of
cementitious materials; therefore, the pore structure of cementitious materials with various
RBP substitution rates was determined by MIP test. Figure 5a displays the cumulative
and differential pore size distribution of the paste containing various RBP substitution
rates by MIP test. The incorporated RBP increases the number of harmless pores and
less harmful pores in the prepared paste, which highlights that the utilized RBP refines
the pore structure of cementitious materials; moreover, a similar phenomenon was also
reported by Ortega et al. [26] and Ma et al. [27]. For one thing, the particle size of RBP is
lower than that of cement, and incorporating high fineness RBP promotes the filler effect
and refines the pore structure of cementitious composites. For another thing, the high
content of silicon oxide and aluminum oxide in RBP promotes the pozzolanic activity,
which further improves the pore structure of cementitious composites [24,27]. Compared
with the cumulative and differential pore size distribution of cement paste with various
substitution rates of fly ash, the effects of RBP and fly ash substitution rates on the pore size
distribution curves of cementitious materials are similar, as reported by Zeng et al. [38].

Figure 5b gives the pore size distribution of the RBP-prepared paste by MIP test. The
results show that the percentages of harmless pores and less harmful pores increase, while
the percentages of harmful pores and more harmful pores decrease with RBP substitution.
Further, the utilized RBP refines the pore structure and improves the permeability resistance.
In particular, the percentage of capillary pores (10–100 nm) in cementitious materials
is decreased as RBP incorporates, and thus, it can be expected that the utilized RBP
improves the water absorption resistance of cementitious materials. Zhao et al. [25] and
Ortega et al. [26] also found that more pores were refined for the cementitious materials as
RBP incorporated, and the utilized RBP increased the relative percentage of the pore below
100 nm.
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Figure 5. Pore size distribution of cementitious materials with various RBP contents.

Figure 5c further shows the average pore diameter and total porosity by the MIP
test. The utilized RBP leads to the reduction in average pore diameter; for instance,
the average pore diameter of paste with 0, 10, 30 and 50% RBP is 19.8, 19.5, 17.8 and
16.7 nm. This is because the utilized RBP refines the pore structure of cementitious materials.
However, Figure 5c also manifests that the incorporated RBP increases the total porosity
of cementitious materials, resulting from the reduction in the hydration products amount
with RBP incorporation; a similar phenomenon characterized by MIP test was also reported
by Zhao et al. [25] and Ortega et al. [26]. Furthermore, previous findings show that both
the increased fineness of RBP and the prolonged curing duration can improve the filler and
pozzolanic activity, and thereby, pore structure is better refined, and the adverse impact of
the reduction in hydration products is alleviated after a long-time curing [24–27].

Figure 6a shows the TG and DTG results to characterize the hydration reaction of
cementitious materials with RBP. The C–S–H gel and ettringite begin to decompose when
the temperature reaches 200 ◦C, and the peak value of C–S–H gel in cement paste decreases
with increasing the substitution rate of RBP because the RBP contains much lower content
of calcium oxide than cement. When the temperature ranges from 350 to 500 ◦C, the content
of portlandite in the RBP-prepared paste has a similar phenomenon, that is, the content of
portlandite decreases with the incorporation of RBP. When the temperature ranges from 700
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to 800 ◦C, the peak value of calcite of the RBP-prepared paste is lower than that of common
paste without RBP. Therefore, the utilized RBP decreases the amount of hydration products
in cementitious materials, and the decrease is obvious with high-volume RBP incorporating.
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Figure 6. Hydration products and mineral composition of paste with various RBP substitution rates.

Figure 6b shows the mineral composition of paste with various RBP contents by XRD
test. An obvious increase in the quartz content occurs with the RBP substitution. However,
the content of CH and calcite decreases with the increasing substitution rates of RBP, and
an obvious reduction in CH and calcite occurs when the RBP substitution rate is above 30%,
which further proves that the substituting RBP decreases the amount of hydration products
in cementitious materials. Figure 6c further shows the FTIR results for the paste with
various substitution rates of RBP. A slight increase in the stretching vibration frequency
of C–S–H occurs with the increasing substitution rates of RBP, which highlights that the
mixed RBP increases the hydration degree of cementitious materials [49,50]. Furthermore,
the stretching vibration area of CH decreases with the RBP incorporation, and the reduction
in CH content is significant when the RBP content is 50%.

Figure 7 shows the micro-structure of the paste containing various substitution rates
of RBP, and the hydration degree of the paste with RBP is higher than that of common
paste without RBP. This is because the pozzolanic activity of RBP makes more hydratable
components (such as calcium hydroxide) react further with RBP, and in this case, the
hydration degree of cementitious materials is promoted as RP substitution rates increase.
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Seeing the SEM images for the RBP-prepared paste, the RBP particles are surrounded with
C–S–H gel, and these quartz micro-particles have relatively high micro-hardness and dense
micro-structure; in this case, the filler effect is promoted [25,51].
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3.2. Early-Age Performance of Cementitious Materials with RBA and RBP

Fluidity is a key parameter in evaluating the workability of cementitious materials,
and Figure 8a gives the fluidity of cementitious materials with various substitution rates
of RBP. The results show that the fluidity of cementitious materials decreases with the
increased substitution rates of RBP. For instance, the fluidity of cement paste with 10,
30 and 50% RBP is 5.7, 12.3 and 20.3% lower than that of common paste without RBP,
and the fluidity of cement mortar with 10, 30 and 50% RBP is 3.8, 8.5 and 15.8% lower
than that of common mortar without RBP. This is because the RBP has irregular micro-
structure and high water absorption, causing more free water to be absorbed and fluidity
to decrease [27,52]. Moreover, the particle size of RBP is lower than that of cement, and
the increased specific surface area further decreases the fluidity of the prepared mixture.
Figure 8a further shows a correlation between the relative fluidity of cementitious materials
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and the RBP substitution rates, and a linear relationship exists between them. The fitting
slope for the RBP-prepared paste is greater than that for the RBP-prepared mortar, and it
manifests that the impact of RBP substitution rates on the fluidity of cement paste is more
obvious than that of cement mortar, and this is because the RBP proportion in cement paste
is higher than that in cement mortar. The equation in detail is also displayed in Figure 8a,
where Fr stands for the relative fluidity of cement paste and mortar (%), and PRBP is the
substitution percentage of RBP (%).
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Figure 8. Fluidity and setting time of cementitious materials with various RBP substitution rates.

Figure 8b shows the setting time of cement paste with various substitution rates of
RBP, and incorporating RBP increases the initial and final setting time. For example, the
initial setting time of cement paste with 10, 30 and 50% RBP is 0.6, 15.8 and 34.8% higher
than that without RBP, and the final setting time of cement paste with 10, 30 and 50% RBP is
3.4, 15.9 and 30.7% higher than that without RBP, respectively. This is because the utilized
RBP decreases the content of hydratable oxide (such as CaO, C2S and C3S) in cement
paste, and more free water is provided for hydration reaction in cementitious materials
with the RBP incorporation, then prolonging the setting time of cementitious materials.
Figure 8b further shows a correlation between the relative final setting time and the RBP
substitution rates of cementitious materials, and a linear relationship exists between them.
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The detailed equation is also described in this figure; where Tr is the relative final setting
time of cementitious materials, and PRBP is the substitution rate (%).

Drying shrinkage behavior is the main parameter for evaluating the early-age per-
formance of cementitious materials, and Figure 9 gives the drying shrinkage curves of
cement mortar with RBA and RBP. Figure 9a shows the drying shrinkage and water loss
of the RBA-prepared mortar, the incorporated RBA increases the drying shrinkage of
cement mortar, and a significant increase occurs when the RBA substitution rate is 100%;
for example, the maximum drying shrinkage of mortar with 25, 50 and 100% RBA is 6.5 %,
18.6 and 63.1% higher than that of common mortar without RBA, respectively. A similar
conclusion can also be drawn from the water loss results of the RBA-prepared mortar, and
the maximum water loss of mortar with 25–100% RBA is 27.1–117.1% higher than that of
common mortar without RBA. This is because RBA with high water absorption can obtain
more free water, which leads to an increase in the drying shrinkage of the prepared mortar.
Additionally, the existence of aggregate helps restrict the drying shrinkage of cementitious
materials; however, the hardness of RBA is lower than that of natural sand, and thus, the
decreased hardness of RBA further increases the drying shrinkage of the prepared mortar.
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Figure 9. Drying shrinkage of cementitious materials with RBA and RBP.

Since Figure 9b displays the drying shrinkage of cement mortar with RBP, the
drying shrinkage behavior of the RBP-prepared mortar is lower than that of common
mortar, and the mortar incorporating 30% RBP has the lowest drying shrinkage. For



Buildings 2021, 11, 119 15 of 23

example, the drying shrinkage of mortar with 10, 30 and 50% RBP is 9.5, 15.9 and 2.7%
lower than that of common mortar. This is because the incorporated RBP decreases
the drying shrinkage by improving the pore structure of cementitious materials. In
addition, the hydration reaction and its products decease with RBP incorporating,
which results in the reduction in the autogenous shrinkage of cementitious materials;
therefore, the total drying shrinkage further decreases. Yu et al. [53] found that the
autogenous shrinkage of cementitious materials with 50% recycled powder was 50.6%
lower than that without recycled powder. However, incorporating high-volume RBP
leads to a significant reduction in mechanical strength and an obvious increase in the
total porosity, which further decreases the drying shrinkage resistance; therefore, the
drying shrinkage of mortar with 50% RBP becomes higher than that of mortar with
30% RBP and the common mortar without RBP. Figure 9b also gives the water loss of
the RBP-prepared mortar, and the water loss increases with the RBP substitution; for
instance, the water loss of mortar with 10, 30 and 50% RBP is 9.5, 24.2 and 42.7% higher
than that without RBP. This is because the utilized RBP decreases the hydratable oxide
in cementitious materials, and free water content increases and evaporation loss from
the mortar increases with RBP incorporation.

Figure 9c gives the drying shrinkage and water loss of mortar incorporating both RBA
and RBP. Although the RBA incorporation increases the drying shrinkage, the utilized
RBP decreases the drying shrinkage of mortar. It can be expected that the cementitious
materials with appropriate RBA and RBP substitution rates may have the lower drying
shrinkage than plain cementitious materials without RBA and RBP. For example, the
maximum drying shrinkage of mortar with 50% RBA and 30% RBP is 6.0% lower than
that of common mortar without RBA and RBP. Figure 9d further shows the relationship
between the maximum drying shrinkage and the RBA (or RBP) substitution rates. A
linear relationship exists between the maximum drying shrinkage and RBA replacement
ratios, and a binomial relationship exists between the maximum drying shrinkage and RBP
substitution rates. The detailed equation is also displayed in this figure, where the Smax is
the maximum drying shrinkage, and the PRBA and PRBP are the substitution percentages of
RBA and RBP (%).

3.3. Mechanical Properties of Cementitious Materials with RBA and RBP

This section investigates the effects of RBA and RBP incorporating on the mechanical
strength of the prepared mortar. Figure 10 shows the mechanical strength of mortar with
various RBA substitution rates. The incorporated RBA decreases the flexural and compres-
sive strength, and a similar conclusion is also obtained by some previous scholars [54–56].
For example, the flexural strength of M-25RBA, M-50RBA and M-100RBA is 1.9, 6.9 and
14.2% lower than that of M-0RBA, and the compressive strength of M-25RBA, M-50RBA
and M-100RBA is 2.4, 9.1 and 18.3% lower than that of M-0RBA. This is because the RBA
properties are lower than the natural aggregate properties. However, because the RBA with
saturated surface dry contains some free water, the free water provides an internal curing
effect and helps the ITZ properties [23]; therefore, the reduction in mechanical strength is
not significant with RBA incorporation.

Figure 10 also shows the mechanical strength of mortar with various RBP substitution
rates. There is a slight increase in the flexural strength and compressive strength when
the RBP substitution rate is 10%; for example, the flexural strength and compressive
strength of M-10RBP is 3.7 and 1.2% higher than these of M-0RBP. The active RBP promotes
the pozzolanic and filler effects of cementitious materials, which helps the mechanical
strength. However, the mechanical strength of the RBP-prepared mortar is lower than
that of common mortar when RBP substitution rates are above 30%. For instance, the
flexural strength of M-30RBP and M-50RBP is 2.6 and 8.5% lower than that of M-0RBP,
and the compressive strength of M-30RBP and M-50RBP is 17.5 and 25.4% lower than that
of M-0RBP. Incorporating high-volume RBP leads to a significant reduction in hydration
products, and the adverse effect of the decreased hydration products is greater than
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the positive effect of the improved pozzolanic effect in cementitious materials with RBP
incorporation, eventually decreasing the mechanical strength. Figure 10 further shows
the mechanical strength of mortar with both RBA and RBP. Although the incorporation
of RBA and RBP decreases the mechanical strength, there is no significant decrease in the
mechanical strength of the mortar with 50% RBA and 30% RBP, and the decrease in the
flexural strength is less than that in the compressive strength. For example, the flexural
strength of M-50RBA, M-50RBA+10RBP, M-50RBA+30RBP and M-50RBA+50RBP is 6.9,
6.3, 9.1 and 15.7% lower than that of M-0RBA, and the compressive strength of M-50RBA,
M-50RBA+10RBP, M-50RBA+30RBP and M-50RBA+50RBP is 9.1, 9.3, 13.9 and 28.8% lower
than that of M-0RBA.
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Figure 10. Mechanical strength of cement mortar with RBA and RBP.

Figure 11 shows flexural strength to compressive strength ratio for the mortar with
RBA and RBP. The results show that the flexural strength to compressive strength ratio
is in direct proportion to the RBA (or RBP) substitution rates, which highlights that the
utilized RBA and RBP improve the toughness of cementitious materials. However, the
fitting straight slope for the RBP-prepared mortar is higher than that for the RBA-prepared
mortar, and thus, the improvement of toughness with RBP incorporation is greater than
that with RBA incorporation. The detailed equation is also described in Figure 11, where
the ft/fc is the flexural strength to compressive strength ratio, and the PRBA and PRBP are
the substitution percentages of RBA and RBP in cementitious materials.
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Figure 11. Flexural strength to compressive strength of mortar with RBA and RBP.

3.4. Water and Chloride Transport into Cementitious Materials with RBA and RBP

This section studied the influence of RBA and RBP incorporation on the transport
properties of cementitious materials. Figure 12a gives the capillary absorption curves of
cement mortar containing various RBA substitution rates. The incorporated RBA increases
the water transport in cementitious materials, and a significant increase in the water
transport occurs when the RBA substitution rate is above 50%; for example, the capillary
absorption coefficient of M-25RBA, M-50RBA and M-100RBA is 10.9, 67.0 and 161.9% higher
than that of M-0RBA, and the maximum absorbed water of M-25RBA, M-50RBA and M-
100RBA is 5.5, 49.1 and 98.2% higher than that of M-0RBA. This is because the porosity and
water absorption of RBA are much higher than these of natural sand, leading to the increase
in the water transport behavior with RBA incorporation. Figure 12b shows the water
transport in cement mortar with various RBP substitution rates. When the RBP substitution
rate is below 30%, the utilized RBP decreases the water transport in cementitious materials;
for example, the capillary absorption coefficient of M-10RBP and M-30RBP is 13.4 and
35.5% lower than that of M-0RBP. Ma et al. [27] reported a similar phenomenon, and
the improved RBP fineness further helps decrease the water absorption of cementitious
materials. Because of the pozzolanic and filler effects of RBP, the utilized RBP refines
the pore structure of cementitious materials, which further decreases the water transport
behavior. However, the water transport behavior of mortar with 50% RBP becomes higher
than that of common mortar; for instance, the capillary absorption coefficient and the
maximum absorbed water of M-50RBP are 26.1 and 7.3% higher than these of M-0RBP.
This is because incorporating high-volume RBP is adverse to the hydration reaction and
increases the total porosity of cementitious materials; in this case, the adverse effect of the
decreased hydration products is greater than the positive effects of the pozzolanic activity
with high-volume RBP incorporating, which results in the higher water transport behavior
of M-50RBP compared with M-0RBP.
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Figure 12. Water absorption of cement mortar with RBA and RBP.

Figure 12c shows the absorption curves of mortar with both RBA and RBP. Although
the mortar with 50% RBA has the higher water transport behavior than the common mortar,
the water transport behavior of mortar with 50% RBA and 30% RBP becomes slightly lower
than that of the common mortar. However, the water absorption behavior of mortar with
50% RBA and 50% RBP becomes higher than that of the common mortar. For example,
the capillary absorption coefficient of M-50RBA, M-50RBA+10RBP, M-50RBA+30RBP and
M-50RBA+50RBP is 67.0% higher, 18.9% higher, 2.9% lower and 94.1% higher than that
of M-0RBA. Therefore, incorporating appropriate substitution rates of RBA and RBP
causes the water absorption behavior of mortar with both RBA and RBP to be close to
or even lower than that without RBA and RBP. Figure 12d further shows the correlation
between the water transport behavior and the substitution percentages of RBA (or RBP).
The capillary absorption coefficient increases linearly as the RBA substitution rate increases;
however, there exists a binomial relationship between the capillary absorption coefficient
and the RBP substitution rates, and the cement mortar containing approximately 30%
RBP has the lowest capillary absorption coefficient among the mortar with other RBP
replacement ratios. The detailed equation is displayed in this figure, where Aw is the
capillary absorption coefficient of mortar with RBA and RBP (g/m2h1/2), and the PRBA and
PRBP are the substitution percentages of RBA and RBP (%).

Based on the Equations (3)–(6), the water distribution in cement mortar with
various RBA and RBP substitution rates was calculated, and the results are displayed
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in Figure 13. The results of water distribution in Figure 13 correspond to the results
of capillary absorption in Figure 12. The utilized RBP up to 30% decreases the water
penetration depth of mortar, while the water penetration of mortar with 50% RBP
increases and becomes close to that of the common mortar. For instance, the water
penetration depth of M-10RBP, M-30RBP and M-50RBP is 7.4, 17.9 and 1.9% lower
than that of M-0RBP, respectively. Although the utilized RBA increases the water
penetration depth, while the water penetration depth with 50% RBA and 30% RBP is
lower than that without RBA and RBP. For example, the water penetration depth of
M-50RBA+10RBP, M-50RBA+30RBP and M-50RBA+50RBP is 7.3% lower, 22.9% lower
and 3.3% higher than that of M-50RBA, respectively.
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Figure 13. Water distribution in cement mortar with RBA and RBP.

Chloride ingress is the key reason that leads to the steel corrosion in reinforced
concrete, and thus, the chloride ingress in cementitious materials with RBA and RBP
was determined by RCM test. Since Figure 14a shows the chloride diffusion coefficient
of the mortar with various substitution rates of RBP, the utilized RBP decreases the
chloride diffusion coefficient. For example, the chloride diffusion coefficient of M-
10RBP, M-30RBP and M-50RBP is 25.3, 75.5 and 91.5% lower than that of M-0RBP. In
addition, Figure 14a shows the actual chloride penetration depth of the RBP-prepared
mortar, and the mixed RBP decreases the chloride penetration depth. This is because
the incorporated RBP refines the pore structure of cementitious materials, due to
its high activity and pozzolanic effect [57]; for instance, the measured average pore
diameter decreases from 19.8 to 16.7 nm when the RBP substitution rate ranges from
0 to 50%, as shown in Figure 5. Figure 14b further shows the chloride diffusion
coefficient and penetration depth of the mortar with both RBA and RBP, and the
results show that the incorporated RBP decreases the chloride ingress in the RBA-
prepared mortar. For instance, the chloride diffusion coefficient of M-50RBA+10RBP,
M-50RBA+30RBP and M-50RBA+50RBP is 24.8, 68.7 and 85.0% lower than that of
M-50RBA. Therefore, utilizing the appropriate content of RBA and RBP can prepare
the cementitious materials with a good chloride resistance. In this work, the traditional
test methods were utilized in evaluating the properties of cementitious materials with
RBA and RBP; hence, some advanced test technologies (such as CT and sensors) can be
utilized in further investigation, which helps achieve a better understanding on the
micro and macro properties of cementitious materials incorporating both RBA and
RBP [58–60]. Although the MIP test is the common approach to evaluating the pore
size distribution of cementitious materials, there is a difference between the measured
pore size based on Washburn equation and the actual pore size; thus, the pore size
distribution of cementitious materials with RBP should be calculated and evaluated
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more accurately in further investigations by the Kelvin equation and relevant pore
theoretical models [61,62].
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Figure 14. Chloride ingress in cement mortar with RBA and RBP.

4. Conclusions

This work gives an investigation on the effects of RBA and RBP incorporation on the
cementitious materials in terms of the micro-structure, early-age performance, mechanical
strength and transport properties. The following conclusions can be drawn based on the
experimental analysis and discussion.

1. Utilizing RBA and RBP in cementitious materials helps the recycling of clay brick
waste in CDW, which are eco-friendly building materials. The RBA has lower apparent
density and higher water absorption than the natural sand. The RBP contains a high
content of silicon oxide and aluminum oxide and possesses irregular micro-structure.
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2. Incorporating RBP refines the pore structure of cementitious materials because of its
pozzolanic and filler effects, and the measured average pore diameter decreases from
19.8 to 16.7 nm when the RBP substitution rate ranges from 0 to 50%. However, the
utilized RBP reduces the hydration products amount in cementitious materials, and
an obvious reduction in hydration products occurs when the RBP substitution rate
is 50%.

3. Incorporating RBP decreases the fluidity and increases the setting time of cementitious
materials. Incorporating RBA increases the drying shrinkage, while the drying shrink-
age decreases as RBP incorporates and 30% RBP substitution rate is recommended. In
particular, the mortar with 50% RBA and 30% RBP has the lower drying shrinkage
than the common mortar without RBA and RBP.

4. Incorporating RBA decreases the mechanical strength of cementitious materials. A
slight increase in the mechanical strength occurs when the RBP substitution rate is
10%, while the mechanical strength decreases when the RBP substitution rate is above
30%. Incorporating appropriate proportion of RBA and RBP has no significant adverse
impact on the mechanical strength; moreover, the flexural strength to compressive
strength ratio increases with RBA and RBP incorporation.

5. Incorporating RBA increases the water transport, while the utilized RBP decreases
the water transport and the mortar with 30% RBP has the lowest water transport
behavior. Utilizing RBA and RBP can obtain the cementitious materials with low
water transport, and the capillary absorption coefficient of M-50RBA+30RBP is 3.0%
lower than that of common mortar without RBA and RBP. Utilizing both RBA and
RBP can also achieve the cementitious materials with a low chloride transport.

6. Incorporating RBA is frequently adverse to the properties of cementitious materials;
however, the utilized RBP improves micro-structure and decreases the drying shrink-
age and transport properties. Therefore, utilizing both RBA and RBP can achieve
durable cementitious materials without a significant reduction in mechanical strength.
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