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,e application of recycled clay brick can not only solve the disposal problem of demolished solid waste but also reduce ecological
environment damage caused by the excessive development of resources. Clay brick powder (CBP) exhibits pozzolanic activity and
can be used as cement replacement. Recycled clay brick aggregate (RBA) can be used to substitute natural coarse aggregate.
Recycled clay brick aggregate concrete (RBAC) can attain suitable strength and be used in the production of medium- and low-
strength concrete. Clay brick waste as potential partial cement and aggregate replacement material is reviewed herein. Per-
formances in terms of mechanical and durability-related properties of mortar and concrete are discussed. Understanding the
properties of clay bricks is crucial to further research and applications.

1. Introduction

Clay brick structures are widely used worldwide. In the early
days of the founding of China, many clay brick structures
were built. Over time, many buildings reached their design
lifetime or became defective because of the use of faulty
construction or inappropriate materials. Additionally, fre-
quent earthquakes destroyed many buildings and produced
a large amount of waste. Owing to the needs of urban de-
velopment and reconstruction, old buildings had to be
demolished, thereby resulting in the accumulation of clay
brick waste [1, 2] (Figure 1). China produced approximately
15.5 million tonnes of construction waste each year, pri-
marily concrete and brick. According to the report of the
European Union in 2011, approximately 1 billion tonnes of
construction and demolition waste (CDW) were produced
in the European Union each year, which contained plenty of
bricks [3]. Additionally, clay brick waste from demolished
brick walls accounted for approximately 54% of construction
and demolition waste in Spain [4]. In the capital of Valle del
Cauca, Cali, an average volume of 1900m3 of CDW was
produced by construction companies and public construc-
tion [5]. Furthermore, private constructions and renovation
projects generated 580m3 of CDW [5].

,e main method to handle CDW is through landfill or
reclamation sites. ,e foundation of a landfill is of poor
quality. Additionally, using landfill or reclamation sites is an
expensive approach. It costs approximately $21/ton to re-
cycle one ton of concrete, brick, and masonry, while it costs
approximately $136/ton to landfill the same material [6]. In
addition, the distance between demolition sites and disposal
areas is becoming larger, and the transportation costs are
becoming higher. As landfills and reclamation areas are
limited, the landfill of waste clay bricks occupies valuable
land resources and damages the soil structure, resulting in a
poor grain yield. Waste storage and disposal is becoming a
serious environmental problem, especially in most cities
lacking disposal sites. By recycling construction waste, the
amount of waste to be transferred to landfills would be
significantly reduced [6].

,e production of concrete and mortar has consumed a
large number of nonrenewable resources and caused serious
environmental pollution. Concrete is made of sand, gravel,
cement, and water, which are difficult to obtain. At the world
level, civil engineering and construction consumed 60% of
raw materials extracted from the lithosphere [7]. Further-
more, an increase in population resulted in an increase in
construction activity and the consumption of natural
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resources. In areas lacking high-quality rocks or gravel, it
would not be economical to import aggregates. In many
urban areas, good natural aggregates are scarce, sand and
stone resources have gradually exhausted, and mining has
becomemore difficult. Meanwhile, the production of cement
is not environment-friendly. As an important raw material
of concrete, cement will produce plenty of dust and carbon
dioxide during its production [8]. With the current tech-
nology, the production of 1 ton of cement consumes 1.7
tonnes of rawmaterials, approximately 7000MJ of electricity
and fuel energy [9], and 0.75 tonnes of carbon dioxide, and
12 kilograms of sulphur dioxide and dust [10]. In China, 2.5
billion tonnes of cement, accounting for approximately 60%
of the world cement production, were produced in 2014
[11, 12].

Clay brick wastes have a high resource value and many
countries are reusing them for many applications in con-
struction activities. A waste framework for moving toward a
European recycling society with a high level of resource
efficiency was provided in the European Directive (2008/98/
EC) of 19 November 2008 [13]. ,e European Union has set
a goal of recycling 70% of its construction waste by 2020 [14].
In Germany, Denmark, and Netherlands, reuse rates are
approximately 80%, compared with an average of 30% in
other countries [15]. Although Germany first used crushed
bricks in Portland cement to produce concrete products in
1860 [16], crushed brick as aggregate was significantly used
in fresh concrete for reconstruction after the Second World
War [17]. It was reported that 11.5 million m3 of crushed
brick aggregates was used to build 175,000 dwelling units
[18].

,e concept of sustainable development includes energy
conservation, environmental protection, and protection of
nonrenewable natural resources. Because of limited landfill
space and costly natural aggregates, the application prospect
of crushed clay bricks as a new civil engineering material
must be investigated. Waste reuse and recycling is a method
of energy conservation in modern society. Reuse of clay
bricks as aggregates not only reduces the problem of waste
storage but also helps to preserve natural aggregate resources
[19]. ,e use of waste clay bricks not only reduces the cost of
site cleaning and disposal but also yields significant social
and economic benefits.

To provide a reference for further research on waste clay
bricks, the reuse of waste clay bricks in concrete engineering
is summarised extensively. ,e mechanical properties and
durability of mortar using clay brick waste as cement or sand
are described, and the mechanical properties and durability
of concrete containing RBA are summarised. ,e potential
application of RBAC on structural members is discussed as
well.

2. Clay Brick Waste Used in Mortar

Clay brick waste can be ground into tiny particles to be used
in mortar. It can exist in two forms: CBP and fine aggregates.
,e former exhibits pozzolanic activity to yield a denser
mixture, and the latter can be used as sand replacement. ,e
mechanical and durability properties of mortar have been
studied in previous studies.

2.1. Pozzolanic Activity of CBP. Several studies [20, 21] have
determined that CBP is a pozzolanic material. Its pozzolanic
activity is the result of the transformation of crystalline
structures of clay silicates in amorphous compounds during
the manufacture of bricks, where clay is exposed to high
temperatures from 600°C to 1000°C. ,e pozzolanic activity
of CBP can be confirmed bymicrostructure characterisation.
As shown in Figure 2, the CBP grain has a semioval shape
and a semismooth surface, and it comprises morphologically
irregular particles, which are mainly quartz and feldspar, the
components required for the pozzolanic activity.

Generally, burned clay may not exhibit pozzolanic ac-
tivity. Clay contains a high proportion of quartz and feld-
spar, which are crystalline minerals and do not produce
active substances. ,erefore, clay cannot be considered a
pozzolan. However, if clay is exposed to a temperature of
600–1000°C, the crystal structure of the silicate will often
change into an amorphous compound reacting with lime at
room temperature [22]. ,e assessment of pozzolanic ac-
tivity is typically based on a strength activity index specified
by ASTM C618, which limits the sum of silicon, ferric, and
aluminium oxides to be at least 70% for pozzolans [23].
Plenty of studies have shown that those oxides of CBP were
beyond 70% and exhibit high pozzolanic activity

(a) (b)

Figure 1: Clay bricks waste: (a) construction and demolition waste; (b) processing brick aggregate (colour figure can be viewed at http://3g.
163.com/dy/article/DEDFJ5M60520EK8D.html).
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[20, 21, 23–40]. As shown in Table 1, the sum of silicon,
ferric, and aluminium oxide of CBP exceeded 70%, which
proved that CBP had high pozzolanic activity; these com-
ponents will promote the formation of C-S-H (calcium
silicate hydrates) or C-A-H (calcium aluminate hydrates)
and thus affected the performance of mortar and concrete.

Pozzolanic activity refers to the ability of substances to
react with calcium hydroxide to form hydration products at
ordinary temperatures. ,e pH value of saturated calcium
hydroxide solution is 12.45 at 25°C. High concentrations of
OH− ions can break bonds in silica, silicates, and alumi-
nosilicates to generate simple ions [41, 42], according to the
following chemical reaction:

≡Si-O-Si≡ + 8OH− ⟶ 2 SiO(OH)3 
−

+ H2O

≡Si-O-Al≡ + 7OH− ⟶ SiO(OH)3 
−

+ Al(OH)4 
−

(1)

,e resulting silicate and aluminate ions accompany
Ca2+ ions form C-S-H (calcium silicate hydrates) or C-A-H
(calcium aluminate hydrates) [43, 44]. As the dissolution
rate of silicate is more rapid than that of aluminate and the
formation of calcium aluminate requires a higher concen-
tration of calcium ions, first, CSH gels would appear on the
particles of pozzolans, and then hexagonal sheets of calcium
aluminates precipitate on the surface of the CSH gels.

Studies have shown that the pozzolanic activity of CBP
increased with the content in the amorphous phase. Fur-
thermore, the larger the specific surface area is, the smaller
the particles are and the higher the pozzolanic activity is,
because the powder in the pozzolanic reaction has a large
reaction surface [27]. Moreover, CBP presented a higher
specific surface than cement and exhibited high pozzolanic
activity [20].

2.2. Mechanical Properties of Mortars with Clay Brick Waste.
CBP can be considered as a promising filler that reduces the
effect of the greater shrinkage phenomenon, which is likely
produced by a higher pore refinement owing to the devel-
opment of pozzolanic activity of CBP. Several studies
[21, 27, 28, 45] have shown that the microstructure was more
refined for mortars with CBP. Moreover, the microstructure
became more refined and the percentage of finer pores
gradually increased over time. CBP improves the structure of
mortar and reduces the size and number of pores in it,

resulting in a stronger and denser hardened paste. Aliabdo
et al. [23] studied the pore structure of paste specimens with
CBP. ,ey discovered that the pozzolanic reactivity of CBP
and possibly the rehydration of unhydrated cement particles
in attached mortar improved the density of the matrix and
refined the pore structure. ,e pore structure of the in-
vestigated paste specimens is displayed in Figure 3, and the
sample containing 25% CBP has the smallest pore diameter
and the best pore structure. ,e mortar with CBP has a
higher degree of microstructure refinement, which may be
related to the combined action of the additional rein-
forcement phase formed by the products of pozzolanic re-
action of CBP and the filling effect of this additive.
Furthermore, the addition of CBP affects the proportion of
pores in the mortar. With the partial replacement of cement
by CBP, the proportion of macropores reduced and the
proportion of mesopores increased [26]. Although the study
demonstrated the filling effect of CBP, Gonçalves et al. [26]
reported that the packing density did not change signifi-
cantly with the replacement of cement by CBP. ,ey con-
cluded that this might be attributed to the similarity between
the particle size distributions of CBP and Portland cement,
resulting in no change in the packing density. Furthermore,
it is also possible that the product of pozzolanic activity of
CBP makes up for the weight loss caused by CBP replacing
Portland cement.

In addition, water/cement (w/c) ratio affects the density
of mortar containing CBP. Under different w/c ratios, the
effect of replacing cement with CBP on density is different.
Toledo Filho et al. [25] discovered that themixes of seriesM1
(w/c� 0.40) yielded porosity values that were 28% to 35%
lower than those observed for mixes of series M2 (w/
c� 0.50).

Alkaline activation can transform aluminosilicate ma-
terials into more compact binding materials. Robayo et al.
[29] discovered that the addition of ordinary Portland ce-
ment and Na2SiO3 to the mixture promoted the dissolution
of some phases in clay brick waste and increased alkali-
activating processes, which improved the mechanical be-
haviour. Reig et al. [30] demonstrated that CBP could form
alkali-activated cement pastes and mortars using NaOH and
sodium silicate solution as activators. ,e compressive
strength of the mortar was approximately 30MPa with a w/b
ratio of 0.45, which proved that it was feasible to use CBP in
cement after CBP was activated by NaOH and sodium
silicate solution. Additionally, Rovnanı́k et al. [31] studied
alkali-activated CBP and discovered that the specimens
exhibited a less compact structure with more pores located
between sharp-edged grains, and geopolymers containing
alkali-activated CBP exhibited lower flexural and com-
pressive strengths.

Some previous studies reported that using CBP as ce-
ment addition improved the compressive strength of mortar.
,e pozzolanic activity of these CBP may contribute to the
higher initial and final strengths of the mortars containing
them. ,e chemical composition of CBP also explained the
mechanism of this phenomenon that the presence of CBP
provided to continue strength gain of mortars up to the 90th
day since CBP activated hydrations of silica based

Figure 2: SEM micrograph of brick powder [21].
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compounds in cement pastes. With the increase in the
percentage of additions, the compressive strength increases
[24]. ,e compressive strength of mortar also increases with
the age and fineness of CBP. ,e finer the particle size of the
CBP is, the denser the microstructure of the paste matrix is
and the higher the compressive strength of the pastes is
[25, 32]. Additionally, a high curing temperature can im-
prove the hydration activity of CBP efficiently [33]. O’Farrell

et al. [32] confirmed an important connection between
compressive strength and threshold radius of mortar. For
threshold radii down to 0.1 μm, compressive strength was
not very sensitive to threshold radius, and it had only a small
increase for a large decrease in threshold radius. However,
when the threshold radius decreased below 0.1 μm, the
strength increased significantly with a small decrease in the
threshold radius. It showed that the compressive strength

(a) (b)

Figure 3: Microstructure of paste samples. (a) Pore structure of 15% CBP paste and (b) pore structure of 25% CBP paste [23].

Table 1: Composition of CBP.

Chemical composition (%)
Reference

SiO2 Al2O3 Fe2O3 CaO SO3 MgO Na2O K2O TiO2 MnO P2O5

41.47 39.05 12.73 0.63 1.59 — — 2.81 1.03 — — [20]
41.47 39.05 12.73 0.63 1.59 — — 2.81 1.03 — — [21]
54.2 15.4 7.6 6.8 1.1 2.5 — — — — — [23]
39.55 15.71 14.05 12.88 0.48 3.29 — 1.98 — — — [24]
63.89 25.49 7.73 0.29 — 0.04 Traces 0.95 — — — [25]
63.89 25.49 7.73 0.29 — 0.04 Traces 0.95 Traces Traces — [26]
58.5 15.61 3.52 13.79 2.04 2.07 0.38 2.81 0.46 0.03 0.15 [27]
58.12 15.25 3.26 15.1 2 1.87 0.38 2.84 0.41 0.03 0.18
58.34 15.14 3.22 14.1 2.02 2.22 0.39 2.82 0.49 0.04 0.17
59.12 15.19 4.81 10.15 1.33 4.28 1.39 3.07 0.4 0.05 0.16
58.13 15.24 4.63 10.57 1.42 4.32 1.42 3.08 0.39 0.05 0.16
58.87 15.1 4.61 10.24 1.23 4.28 1.44 3.06 0.4 0.05 0.16
77.43 9.27 3.9 2.89 0.11 1.36 0.8 2.26 0.62 0.06 — [28]
73.83 12.94 5.52 1.67 0.12 1.36 0.9 2.18 0.84 0.08 —
77.52 9.85 4.4 2.03 0.07 1.15 0.84 2.28 0.63 0.06 —
72.83 12.01 5.73 2.95 0.09 1.7 0.99 1.94 0.72 0.09 —
65.92 20.08 9.1 0.73 — 0.86 0.44 0.97 1.09 — — [29]
49.9 16.6 6.5 9.7 3.3 5.5 0.5 4.4 0.8 0.1 0.2 [30]
57.67 14.91 5.02 9.81 1.86 3.74 1.45 3.2 — — — [31]
54.83 19.05 6 9.39 2.9 1.77 0.5 3.15 0.97 — 0.2 [32]
69.99 10.62 4.02 8.86 0.038 1.39 1.02 2.61 0.55 — 0.11
68.79 15.23 6.28 1.79 0.127 2.02 0.26 3.71 0.85 — 0.07
72.75 15.89 4.97 0.87 0.07 1.2 0.27 2.17 0.84 — 0.1
67.58 18.94 8.084 0.948 0.13 0.719 0.246 1.884 1.06 — — [33]
69.26 14.17 6.3 4.28 0.02 2.25 0.28 1.34 — — — [34]
53.8 14.1 12.1 9.2 — 8.9 1.3 — — — — [35]
69.43 17.29 6.4 0.51 2.54 1.14 — — — — — [36]
67.9 15.2 5.1 0.6 — 1.2 0.8 1.5 0.8 0.1 — [37]
75.06 14.25 5.61 1.3 0.7 1.35 0.19 0.08 — — — [38]
52 40 1.5 0.5 — 0.3 — — 5 [39]
50.91 15.29 8.97 12.7 0.2 4.06 0.83 0.76 — — — [40]
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increased with the increase in pore fineness and decrease in
pore volume, and it also showed the effect of this additional
C-S-H gel on the development of compressive strength.

Furthermore, the substitution ratio of CBP significantly
affects the strength of mortar. Ortega et al. [21] revealed that
the effect of pozzolanic activity was more pronounced for
mortars with 10% CBP compared with those having 20% of
this addition. ,is may be attributed to the former con-
taining more clinker; therefore, at the same hardening ages,
it was expected that a large amount of portandite had been
formed for 10% CBP specimens compared to 20% speci-
mens. Meanwhile, in the study of Liu et al. [33], the sub-
stitution ratio indicated by intensity change should not
exceed 15%. Moreover, the substitution of high amounts of
CBP will reduce the compressive strength of mortar sig-
nificantly; when the replacement rate reaches 25%, the
strength of the mortar will decrease by 25.2% [23]. ,is may
be due to the following: pozzolanic activity produces
metastable C-A-H partially; the metastable C-A-H can
transform into a stable hydrogarnet with a variable com-
position at higher temperatures or with a longer curing time
[30], and the hydrogarnet results in the reduced volume,
compactness, and strength of mortars [46].

Although the replacement of CBP in mortar yielded
reduced compressive strength, studies by Ortega et al. [21]
confirmed that the addition of CBP did not reduce the
compressive strength of the mortars, which satisfied the
requirements of corresponding standards. It showed the
beneficial effect of pozzolanic activity and filling effect of
CBP in the performance of mortars. ,e compressive
strength of all the studied mortars increased with hardening
age, and the value for BP10 (10% brick powder) specimens
was slightly higher than those noted for CEM I (a com-
mercial ordinary Portland cement) ones at 400 days.
Moreover, the flexural strength was slightly greater for
mortars with CBP in comparison with CEM I ones over the
400-day period. Similarly, Boukour and Benmalek [34]
discovered that CBP fillers induced only a small decrease in
flexural and compressive strength with the level (2.5%, 5.0%,
7.5%, and 10%) used. ,e rigidity of the replaced natural
sand portion might have compensated for the pozzolanic
activity provided by the fine portion of the CBP filler.
Moreover, Toledo Filho et al. [25] discovered that the ad-
dition of CBP had almost no effect on the compressive
strength and elastic modulus until the percentage of 20%
cement replacement. However, under a high w/c ratio, the
strength and elastic modulus of mortar will decrease with the
increase in CBP.

Studies regarding clay brick waste as fine aggregate in
mortar have been reported. Bektas et al. [47] demonstrated
that the high water absorption capacity of clay brick sig-
nificantly affected the flow of mortar. However, even 30% of
the brick mixture demonstrated sufficient workability and
good consolidation with the given mixture proportions.,is
confirmed that brick aggregates did not reduce the strength
of mortar with the levels used. Moreover, Mobili et al. [48]
discovered that mortar with RBAs exhibited the highest
amount of water absorbed by the capillary action.

2.3. Durability of Mortars with Clay Brick Waste.
Durability is an important property ofmortar.Water capillary
absorption is essential for determining the durability of
construction materials. Some findings on the addition of CBP
revealed that CBP with low substitution rate (less than 20%)
could make a higher difficulty of water ingress in the mortars
containing CBP [25, 26]. ,is behaviour may be related to
more refined porous structures, which reduced water pene-
tration.,e addition of CBP improved the sulphate resistance
of cement mortar. An appropriate replacement for providing
high sulphate resistance appears to be approximately 15%
[35, 48, 49]. Additionally, the use of CBP significantly reduced
the penetration rate of chloride ions, which is a typical cause
of steel corrosion in mortars; the mechanism that can explain
this phenomenon is that CBP promotes the formation of
additional hydrates, which can reduce the permeability and
increase the densification of the materials making the pen-
etration of chloride ions much more difficult [21, 25,
26, 45, 50]. Additionally, Aliabdo et al. [23] found that the
incorporation of CBP reduced the weight loss ofmortar under
high temperature. ,e reference specimens (without CBP)
had highest weight loss attribute to the dehydration of C-S-H
and ettringite contents and calcium hydroxide, while the
pozzolanic reactivity of mortar with CBP consumed much
more of these substances, resulting in lower weight loss; it can
be concluded that the replacement of cement by CBP may
result in a higher fire resistance of the mortar.

With regard to clay brick fine aggregates in mortar,
Bektas et al. [47] studied the freeze-thaw process of mortar
with fine brick aggregates; they concluded that the use of fine
brick aggregates reduced the freeze-thaw expansion of
mortar. As the aggregates contained more air bubbles
preventing freeze-thaw-associated cracking, the pressure
caused by ice formation and water flow was relieved, and the
water flow paths were cut; in other words, tightly distributed
air void structure provided space for expansive mechanisms.

In terms of drying shrinkage, Bektas et al. [47] reported a
reduction in drying shrinkage after incorporating 20%
recycled brick as fine aggregate. ,is was because additional
water stored in the brick aggregate maintained plenty of
moisture during hydration. Furthermore, they observed the
effect of brick aggregates on the expansion of mortar im-
mersed in NaOH solution and water. As brick aggregates are
abundant in silica in nature, the possible formation of ASR
can increase expansion and subsequent cracking. Similarly,
Bektaş [51] investigated the ASR susceptibility of fine RBAs,
and he concluded that ASR occurred in the form of reaction
product of mortar bars, and the mortar expansion rate was
proportional to the content of CBP.

3. Clay Brick Waste Used in Concrete

To reduce resource wastage, recycled clay brick was con-
sidered as an aggregate substitute in concrete. ,e physical
properties of RBAs have been studied. As a mix design is key
in RBAC, it was also studied. Additionally, some researchers
have studied the mechanical properties and durability of
RBAC.
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3.1. Physical Properties of RBA. Brick aggregates exhibit a
higher porosity and absorption than natural aggregates. ,e
density of RBAC decreases with increasing brick content
[52–54]. ,e apparent density and bulk density of recycled
clay brick as aggregates are lower than those of natural
aggregates, and the water absorption rate and crushing index
are higher than those of natural aggregates [36, 48, 55]. As
the RBA particles were angular in shape, they bonded well
with cement [52].,e strength of RBA has a greater effect on
the strength of concrete. ,e higher the strength of RBAs is,
the higher the strength of RBAC is [54, 56, 57]. ,e mi-
croscopic images of the cut surface of concrete with natural
and brick aggregates are shown in Figure 4. From the visual
observation of the concrete surface, compared with natural
aggregates, the brick aggregates had more pores in their
structure [36].

3.2. Mix Design of RBAC. Owing to the porous nature of
RBAs, the change in water demand and the adjustment of
the w/c ratio should be considered in the mixing design
[52, 58]. Porous RBAs may consume water for mixing
concrete, which affects the workability of concrete. Hence,
prewetting brick aggregates are recommended to avoid this
problem [23]. Additionally, the RBAs must be in the sat-
urated surface-dry condition before mixing, because addi-
tional water may affect the workability of RBAC [52].
Adamson et al. [36] studied the workability of concrete with
RBAs; they discovered that the workability of concrete in-
creased with the amount of coarse aggregates when the w/c
ratio was constant. ,is may be owing to the higher porosity
of the brick, which can hold more water and hence improve
the workability of concrete.

,e performance of RBAC is affected by the w/c ratio,
sand ratio, and average particle size of brick [36, 59–62].
Moreover, the replacement level of RBAs significantly af-
fected the properties of RBAC [59]. Coarse aggregates with
flat gradation can yield more uniform aggregate particle
sizes, which would be beneficial for concrete performance
[36, 60]. ,e mechanical properties of RBAC degraded
significantly with the increasing crushing index of recycled
aggregates; however, the effects of increasing the crushing
index on the permeability coefficient and total void ratio of
RBAC can be ignored [61]. Some researchers have studied
the mix design of RBAC using different methods. Ge et al.
[62] adopted the orthogonal design method and obtained
the optimal concrete mix in terms of compressive strength,
flexural strength, and static elasticity modulus. Similar to
normal concrete, the w/c ratio was the most significant
factor affecting the mechanical properties of concrete
containing CBP. Šipoš et al. [59] used neural network
modelling to study the mix design of RBAC; they discovered
that compressive strength could be affected significantly by
aggregate size (fine or coarse): the compressive strength
value of fine aggregates was lower than that of coarse
aggregates.

RBAs from different sources exhibit different properties;
therefore, the optimal replacement rate of RBAs varies with
the strength of RBAs and cannot be unified. Zhang and Zong

[58] suggested that 30% was an appropriate replacement
level of coarse aggregates. Cachim [63] revealed that crushed
bricks could be replaced by natural aggregate substitutes by
up to 15% without strength reduction. When the replace-
ment rate of RBA is 30%, the concrete properties will be
reduced (up to 20%, depending on the brick type).

As the RBA exhibited lower strength, some methods
were used to improve the strength of RBAC during the
mix design. Adding additives can improve some prop-
erties of the specimens [64]. ,e use of an air-entraining
admixture and superplasticiser can improve workability
during mixing [52, 60]. ,e performance of concrete can
be partially improved by the appropriate amount of CBP
[45, 62]. ,e strength gain could be due to an increase in
SiO2, which had a favourable effect on the formation of
CSH gels as a result of pozzolanic reactions [23, 32,
34, 65]. Additionally, the mixed use of CBP and RBA
could yield better RBAC performances [48, 59], likely
because the fine RBA particles formed a compact and
dense ITZ of mortar and filled the pores of RBAC. Manzur
et al. [66] found that the corrosion susceptibility of
concrete increased with the increase of water-cement
ratio; moreover, a concrete mix with higher compressive
strength was beneficial to concrete corrosion resistance,
because it meant that the concrete will have a greater
density and a lower permeability, resulting in less chloride
ions entering. In addition, fibre can effectively inhibit the
development of cracks and improve the toughness and
deformation capacity of concrete [64].

3.3. Mechanical Properties of RBAC. ,e porosity of RBA
increases the porosity of concrete, and it may increase the
water absorption and reduce the strength properties of
concrete [35]. ,e increase in water absorption of brick
aggregates results in an increase in concrete water perme-
ability. Moreover, the water permeability coefficient of
RBAC and the compressive strength of RBA exhibit a linear
relationship. ,e water permeability of RBAC decreased as
the compressive strength of RBA increased [54, 67]. Aliabdo
et al. [23] studied the relationship between compressive
strength and porosity, and they discovered that increased
porosity was crucial in reducing the strength of concrete.

Additionally, the mechanical properties of RBAC and
the maximum aggregate size (MAS) were correlated. Uddin
et al. [68] reported the effects of MAS on RBAC. ,ey
revealed that the effect of cement content on compressive
strength was more significant when the coarse aggregate
MAS was smaller. Mohammed and Mahmood [69] reported
that ultrasonic pulse velocity (UPV) increased with the
maximum aggregate size. As the compressive strength and
Young’s modulus of the RBAC changed with the UPV, the
maximum aggregate size, compressive strength, and Young’s
modulus may be correlated.

In addition, RBAC exhibits some properties similar to
normal concrete. Mart́ınez-Lage et al. [70] reported that
Poisson’s ratio of concrete was not significantly affected by
the coarse aggregate replacement level, and the experimental
group values were 0.14–0.20. Additionally, studies have
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shown that the higher the density of the RBAs is, the higher
the strength of RBAC is [37, 45, 71].

Because strength is fundamental in design, some re-
searchers have studied the mechanical properties of RBAC.
Khalaf [52] and Zong et al. [53] discovered that the com-
pressive and flexural strengths of RBAC reduced when RBAs
were used.,e higher the replacement rates of RBAs are, the
greater the strength loss was. ,e reduction in compressive
strength was 44% in RBAC prepared with 50% RBAs after 28
days. ,is conclusion was supported by the observations of
Nepomuceno et al. [72] and Heikal et al. [38]. ,ey revealed
that the flexural and compressive strengths of concrete re-
duced as the brick replacement level increased. ,e interface
between the mortar and aggregates is shown in Figure 5. As
shown, RBAC contained microcracks in the ITZs, and a few
internal voids appeared in the RBAs. ,is may have con-
tributed to the compressive strength of RBAC being lower
than that of normal concrete [60].

Although some studies have shown decreased com-
pressive strength of RBAC, Adamson et al. [36] reported that
the average strength of cylinders containing RBAs was
slightly higher than that of the control mixture, and the
strength increased with the brick content. ,ey speculated
that it may be due to the relatively low strength of natural
aggregates compared to that of RBAs used in the experiment.
In addition, the surface roughness and angular shape of
RBAs contributed to the formation of a good bond between
the aggregates, thereby increasing the splitting tensile
strength of the geopolymer [37]. Uddin et al. [68] revealed
that the splitting tensile strength of concrete decreased with
an increase in the maximum aggregate size, regardless of the
variation of sand to total aggregate volume (s/a) ratio and
cement content. However, the results showed that the
compressive strength of concrete increased with the increase
in maximum aggregate size only under certain conditions.
On the contrary, some studies showed that the particle size
of CBP had no significant effect on the flexural strength of
RBAC [39, 45, 58, 62].

Owing to the high porosity of RBAs, the elastic modulus
of RBAC is lower than that of normal concrete
[45, 48, 58, 70]. Debieb and Kenai [19] discovered that the
modulus of elasticity reduced by of 30%, 40%, and 50% for
coarse, fine, and both coarse and fine crushed brick concrete,
respectively. Furthermore, Zhang and Zong [58] and

Aliabdo et al. [23] concluded that the presence of RBAs
reduced the modulus of elasticity and splitting tensile
strength of concrete. However, Disfani et al. [73] showed
that the modulus of rupture and flexural modulus for all
cement-stabilised blends were satisfactory, complying with
the road authority requirements for pavement base
applications.

Additionally, the alkali reactivity of RBA has been
studied. Bektaş [51] confirmed that RBAs exhibited alkali
reactivity, and the formation of ASR gel was confirmed by
visual observations and microscope studies. An ettringite
band formed around limestone particles was observed under
a microscope. Rovnanı́k et al. [31] revealed that high-alkali
concrete mixes with brick aggregates demonstrated higher
expansions compared with the control mix.

With regard to the drying shrinkage, a few researchers
revealed higher shrinkage strains in concrete containing
recycled clay brick with fine and coarse aggregates [19, 74].
,is may have been due to the lower restraining effect of
brick aggregates compared with that of natural aggregates.
Debieb and Kenai [19] observed that the early shrinkage rate
of recycled brick fine aggregate concrete was six times that of
normal concrete. Furthermore, some findings on the factors
affecting drying shrinkage have been reported. Khatib [74]
reported that a recycled fine brick aggregate replacement
level of up to 100% exhibited only a 10% shrinkage, that is,

Figure 5: SEM image of specimen: RBA1-100 (w/c� 0.55) [60].
RBA-recycled clay brick aggregate, 1−w/c� 0.55, 100-replacement
level� 100%.

(a) (b) (c)

Figure 4: Images of the surface of concrete: (a) both natural and brick aggregates, (b) natural aggregate,and (c) brick aggregate [36].
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even a high replacement level did not result in strength
reduction. Because of the internal curing effect and the
dilution of CBP, replacing cement with CBP can significantly
reduce the autogenous shrinkage of concrete [45].

3.4. Durability of RBAC. ,e durability of concrete must be
considered when designing structures. It is affected by the
permeability of the material used. In fact, the water per-
meability could be almost doubled when incorporating
RBAC [19]. Apart from increased water permeability, an
increase in the air permeability of concrete by using RBAs
has been discovered by Zong et al. [53]. ,is was attributed
to the more porous characteristics of RBAs.

Although water permeability has negative effects on the
freezing and thawing resistances of concrete [40], Adamson
et al. [36] discovered that no samples failed within 300 cycles
of the freeze-thaw tests. With the increase in the replacement
rate of the RBAs, the frost-thaw resistance of concrete
improved [45, 75]. Additionally, RBAC produced with RBAs
exhibited a lower carbonation resistance and higher water
permeability [53, 58, 76]. On the contrary, Gu [77] dis-
covered that brick aggregate replacement had no significant
negative effect on carbonation depth. In addition, according
to Adamson et al. [36], by increasing the content of brick, the
resistance to chloride penetration decreased. ,is could be
attributed to higher porosity and absorption in brick ag-
gregates compared with those in natural aggregates. Nev-
ertheless, Ge et al. [45] revealed that concrete’s resistance to
chloride ion penetration improved. Furthermore, corrosion
of steel in samples containing RBA initiated earlier than that
in samples with natural aggregates; the existence of RBAs
accelerated the corrosion of steel reinforcement [36, 53, 66].

In addition, as the porosity of RBA itself is reflected
directly on the global porosity of concrete, the RBAC
demonstrated lower thermal conductivity and better fire
performance. Wongsa et al. [37] revealed that the thermal
conductivity and UPV of RBAC increased as the concrete
density increased and that the thermal conductivity of RBAC
was approximately three times lower than that of normal
concrete. Furthermore, the concrete with RBAs showed
slightly higher fire resistance than normal concrete
[23, 57, 78]. Moreover, the presence of RBAs to produce
lightweight high-calcium flies ash geopolymer concrete
yielded excellent thermal insulation and good density
[37, 79].

4. Structural Performance of RBAC

,e RBA products used in the structure are our primary
concern. ,erefore, studies regarding the structural per-
formance of RBAC are necessary. Owing to the low density
of brick aggregates, the block with RBAs was much lighter
and can reduce the weight of the structure. ,e mechanical
properties of RBAC beams and columns are studied.

4.1. RBAC Masonry Units. Studies regarding concrete ma-
sonry units have been performed. ,e use of RBAs as an
alternative to aggregates can reduce the weight of the units.

,e test results of Aliabdo et al. [23] showed that the complete
replacement of fine and coarse aggregates with RBAs reduced
the compressive strength of the units. ,e dry unit weight of
concrete masonry units decreased by approximately 25%.,e
water absorption of concrete masonry units increased with
the increase in the content of RBAs. With the increase in
RBAs, the thermal resistance of masonry concrete units
improved significantly. ,erefore, compared with natural
aggregates, modified concrete masonry blocks demonstrate
better thermal properties. ,ey suggested that the replace-
ment level of coarse aggregates should not exceed 50%;
otherwise it would lead to a significant decline in compressive
strength. As 20% fly ash was used to replace cement and 3%
bubble was added in renewable brick aggregate concrete, the
compressive strength of the specimens reached 19.4MPa,
thereby satisfying the requirements of load-bearing blocks;
furthermore, the thermal conductivity was lower than that of
normal concrete [80]. MU5 RBA block was studied; the size of
the specimen was 390mm× 190mm× 190mm, with a 57%
pore rate. ,e results showed that the average compressive
strength of the MU5 RBA block was 6%∼12% lower than the
calculated value of China standard formula. Additionally, the
average flexural strength of the MU5 RBA block was
1.15MPa, which satisfied the requirements of the test ma-
terial. ,is block can be used in practice [81]. Zhan [82]
reported that a block containing RBAs had higher water,
carbonisation, and frost resistances.

Furthermore, waste clay bricks were used directly as half
scale or full scale to build walls. ,e effects of scale on the
masonry compressive strength, Young’s modulus, shear
modulus, and diagonal tensile strength based on component
and material testing at two scales were studied. ,e results
showed that the shear failure of the walls was affected by the
diagonal tensile strength, axial load, and material properties
(coefficient of friction and cohesion), and the flexural failure
of the specimens was controlled by the aspect and axial load
ratios [71].

4.2. RBACColumnandBeam. ,e performances of columns
and beams containing RBAs were studied. Wang et al. [83]
studied the seismic performance of columns with RBAs.
Four columns were used; they exhibited natural aggregates,
recycled concrete, RBAs, and fibre and silicon powder added
in RBAs, respectively. ,ey discovered that the seismic
resistance of the three recycled concrete columns decreased
compared with the normal concrete column. However, the
addition of silica powder and fibre improved the elastic
modulus and ductility. Liu et al. [84] revealed that the use of
steel tubes improved the bearing capacity of columns. Ji et al.
[85] and Wang et al. [86] observed the bending and shear
properties of RBA beams; they reported that the specimens
exhibited the similar damage form compared with normal
concrete and that the reinforcing steel bar and concrete were
bonded well. In addition, FRP-confined square plain con-
crete columns with RBAs were studied, and RBAC exhibited
a lower stiffness than normal concrete; furthermore, con-
fined RBAC columns showed higher ultimate loads and axial
strains, indicating their stronger ductility [87–89].
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5. Conclusions

,e potential use of waste clay brick as a binder and ag-
gregate substitute inmortar and concrete was summarised in
this article. ,e pozzolanic activity of CBP allowed CBP to
partially replace cement for the production of mortar. RBAs
could be used to produce RBAC, even though the me-
chanical properties of RBAC were worse than those of
normal concrete. ,e addition of RBAs improved the du-
rability of RBAC in some cases. Furthermore, RBAC could
reduce transportation costs and dead loads, and it could be
used for the production of units, beams, and columns.

Completely replacing natural aggregates with RBAs has
been shown to be feasible; it could reduce the consumption
of natural resources and encourage the reuse of construction
waste. As the structural performance of RBAC is important
for constructional engineering, the application of RBAC in
structures can be strengthened.
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