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Abstract: In this work, brick aggregates were immersed in
nano-SiO2 solution for 2 days, and the effects of nano-SiO2

on the brick aggregate properties, mechanical properties
(compressive strength, flexural strength, and splitting ten-
sile strength), frost resistance (apparent phenomenon, mass
loss, relative dynamic modulus of elasticity, and compres-
sive strength) of recycled brick aggregate concrete and the
microstructure of recycled brick aggregate concrete were
investigated. The results show that nano-SiO2 can effectively
improve the performance of recycled brick aggregate and
the mechanical properties of recycled brick aggregate con-
crete, mainly by reducing the water absorption and crushing
index and improving the compressive strength, flexural
strength, and splitting tensile strength. With increasing
nano-SiO2 solution concentration, the compressive strength,
flexural strength, and splitting tensile strength of recycled
brick aggregate concrete first increase and then decrease.
The frost resistance of recycled brick aggregate concrete is
superior to that of ordinary aggregate concrete, while the
frost resistance of nano-SiO2-modified recycled brick aggre-
gate concrete is inferior to that of recycled brick aggregate
concrete. In addition, the freeze‒thaw damage mechanism

of recycled brick aggregate concrete is analyzed, and a
freeze‒thaw damage life prediction model of nano-SiO2-
modified recycled brick aggregate concrete based on the
Weibull distribution is proposed.

Keywords: recycled brick aggregate, nano-SiO2, mechan-
ical property, frost resistance, microstructure, life predic-
tion model

1 Introduction

With the increasing demand for infrastructure construc-
tion in various countries, a large amount of natural resources
are consumed. At the same time, a large number of construc-
tion waste materials and construction waste are generated
during the construction and demolition process, causing ser-
ious environmental pollution problems [1]. The composition of
construction waste is complex, among which waste concrete
and waste bricks account for a large proportion. According to
statistics provided by the United States Environmental Protec-
tion Agency, from 2012 to 2014, approximately 44 million tons
of waste bricks were generated from construction and
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demolition activities [2]. In China, there are approximately 400
million tons of waste bricks every year [3]. To realize the
resource utilization of construction waste, the technology of
recycled aggregate concrete has been proposed and has been
widely studied by scholars all over the world.

Due to the mortar attached to the surface of the
recycled coarse aggregate, the porosity and water absorp-
tion of the aggregate were high [4]. The concrete prepared
by recycled coarse aggregate had multiple interface transi-
tion zones and a large number of microcracks and pores in
the interface transition zone, resulting in the mechanical
properties and frost resistance of recycled coarse aggre-
gate concrete being generally inferior to ordinary concrete
[5]. Compared with recycled stone aggregate, recycled
brick aggregate had more pores and cracks, small hard-
ness, high water absorption, and large crushing index,
resulting in two weak links of recycled brick aggregate
concrete: interface transition zone and recycled brick aggre-
gate [6]. The replacement of natural aggregate with recycled
stone aggregate and recycled brick aggregate reduced the
mechanical properties of concrete, and with the increase in
the replacement rate of recycled aggregate, the mechanical
properties of concrete decreased.

Freeze–thaw damage is an important threat to rein-
forced concrete buildings in cold regions [7]. Freeze‒thaw
damage leads to concrete frost heaving and cracking [8],
which causes corrosion of internal reinforcement and ser-
iously threatens the long-term safe use of concrete struc-
tures [9,10]. The frost resistance of concrete is affected by
many factors, such as porosity, pore structure, water-
cement ratio, environmental conditions, and aggregate
type [11]. Due to the adhesion of old cement mortar on the
surface of recycled aggregate and the secondary damage
during the crushing process [12], the porosity of aggregate
was increased, the pore structure deteriorated [13], and the
type of aggregate was changed [14], resulting in the frost
resistance of recycled aggregate concrete being inferior to
that of ordinary concrete [15]. When the number of freeze‒
thaw cycles was small, the frost resistance of recycled con-
crete was not significantly different from that of ordinary
concrete; with the increase in the number of freeze‒thaw
cycles, the frost resistance of recycled concrete deteriorated
more seriously [16]. With the increasing number of freeze‒
thaw cycles, the mass loss rate, relative dynamic modulus
loss, and compressive strength loss of recycled concrete
were significantly faster [17]. In addition, with the increase
in the replacement rate of recycled aggregate, this phenom-
enon was more significant [18]. In particular, concrete con-
taining recycled brick aggregate had worse frost resistance
than recycled stone concrete [19], and its frost resistance
must be improved to achieve its application in cold regions

[20]. Therefore, improving the frost resistance of recycled
concrete has become a research hotspot.

Domestic and foreign scholars have carried out corre-
sponding research on improving the frost resistance of recycled
concrete and have achieved some results [21]. The frost resis-
tance of recycled concrete could be enhanced by reducing the
water-cement ratio of concrete [22], improving the aggregate
distribution and quality [23], adding silica fume or air-
entraining agent [24], and using the aggregate produced
by the original concrete with air-entraining agent [25,26].

In recent years, nanomaterials have been gradually
applied to improve the mechanical properties and frost resis-
tance of recycled concrete [27,28]. Among nanomaterials,
nano-SiO2 not only has the advantages of high permeability
[29], high specific surface energy, and good hydrophilicity but
can also accelerate the hydration rate of cement [30] and
improve the mechanical properties and porosity of concrete
[31]. Therefore, nano-SiO2 began to be applied to enhance the
performance of recycled concrete. Shahbazpanahi et al. [32]
found that the incorporation of nano-SiO2 made the interfa-
cial transition zone between recycled aggregate and mortar
denser, increasing the C–S–H content, reducing the content of
CH and AFt, and improving the internal pore structure of
concrete. Li et al. [33] noted that nano-SiO2 could significantly
enhance the microhardness of the interface transition zone,
thereby improving the mechanical properties and durability
of concrete [34,35]. However, the incorporation of nano-SiO2

should be controlled within a certain range. If the incorpora-
tion of nano-SiO2 was too large, it could lead to a decrease in
the mechanical properties and durability of concrete [36,37].

The poor performance of recycled aggregate was the
main reason for the poor mechanical properties and dur-
ability of recycled concrete [38,39]. Therefore, improving the
performance of recycled aggregate could effectively improve
the mechanical properties and durability of recycled concrete
[40]. Meng et al. [41] found that after the modification of
nanomaterials, the crushing index of recycled coarse aggre-
gate decreased, which improved the mechanical properties of
recycled concrete. Wang et al. [42] noted that after the mod-
ification of nanomaterials, the water absorption and crushing
index of recycled brick aggregate decreased, while the com-
pressive strength of brick aggregate concrete at different ages
increased.

In the existing research, there have been relatively few
studies on the frost resistance of concrete prepared by
nano-modified recycled aggregate. However, improving
the frost resistance of recycled concrete is the key to its
application in cold regions. The objective of this study is to
investigate the mechanical properties and frost resistance
of recycled brick aggregate concrete modified by nano-SiO2

and compare them with those of unmodified brick
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aggregate concrete and ordinary concrete, investigate the
effects of nano-SiO2 on the microstructure of recycled brick
aggregate concrete, and propose a freeze‒thaw damage life
prediction model of nano-modified recycled brick aggregate
concrete based on the Weibull distribution.

2 Experimental overview

2.1 Raw materials

1) Cement

P.O 42.5 ordinary Portland cement used for the con-
crete mixtures was produced by Zibo Shanshui Cement Co.,
Ltd. The physical performance and chemical composition
are listed in Tables 1 and 2, respectively.
2) Fine aggregate

Natural river sand was used as fine aggregate con-
forming to the Chinese standard GB/T 14684−2011 [43],
and the fineness modulus was 2.9.

3) Coarse aggregate
Coarse aggregates included natural gravel and recycled

brick aggregates with a particle size of 5–25mm. The water
absorption of natural aggregate and recycled brick aggre-
gate was 1.10 and 16.50%, respectively, and the crushing
index was 8.70 and 27.90%, respectively.

4) Nanomaterial
Nano-SiO2 with a particle size of 20 nm was selected,

and the properties are listed in Table 3.

2.2 Recycled brick aggregate modified by
nanomaterials

The recycled bricks were crushed by a jaw crusher, and
then the recycled brick aggregates were cleaned and dried.
Finally, the recycled brick aggregates were graded to meet
the requirements of aggregate distribution.

Nano-SiO2 powder was added to the solution and
mechanically stirred for 5 min. The brick aggregate was

immersed in 1, 2, and 3% nano-SiO2 solutions for 2 days,
and the nano-SiO2 solution was dispersed by an ultrasonic
disperser to prevent particle agglomeration. The process is
shown in Figure 1.

2.3 Mixture proportion

The mixture proportions of natural aggregate concrete and
recycled brick aggregate concrete were designed according
to JGJ55-2011 [44], and the design water-to-binder (w/b)
ratio of concrete was 0.5, as detailed in Table 4 (due to
the large difference between the density of recycled brick aggre-
gate and natural aggregate, this study adopted the volume sub-
stitution method to ensure that the absolute volume of each
cubic meter of concrete remained unchanged). It should be
noted that the recycled brick aggregate was soaked with
nano-SiO2 solution at concentrations of 0, 1, 2, and 3% before
being used.

2.4 Test method

2.4.1 Mechanical properties test

The mechanical properties of the concrete specimens were
tested in accordance with GBT 50081–2019 [45], as shown in
Figure 2, and the test details are shown in Table 5.

Table 1: Properties of P.O 42.5 ordinary Portland cement

Specific surface
area (m2 kg−1)

Ignition loss (%) Initial/final setting
times (min)

3 days/28 days flexural
strength (MPa)

3 days/28 days compressive
strength (MPa)

322 2.4 205/255 5.6/8.9 25.5/47.6

Table 2: Chemical composition of P.O 42.5 ordinary Portland cement

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO SO3

Content (%) 21.6 5.78 3.96 61.25 1.76 2.46

Table 3: Properties of nano-SiO2

Particle size (nm) Specific surface
area (m2 g−1)

Bulk
density (gm−3)

20 240 0.06

Mechanical properties and frost resistance of recycled brick aggregate concrete  3



2.4.2 Freeze‒thaw cycle test

According to the Standard for Long-term Performance and
Durability of Ordinary Concrete [46], the concrete prism speci-
mens (100mm × 100mm × 400mm) and concrete cube speci-
mens (100mm × 100mm × 100mm) were tested by a rapid
freeze‒thaw cycle testing machine, as shown in Figure 3.

2.4.3 Relative dynamic modulus elasticity test

The DT-10 W dynamic elastic modulus tester produced by
Tianjin Luda Construction Instrument Co., Ltd was used to

test concrete prism specimens under different freeze‒thaw
cycles, as shown in Figure 4.

2.4.4 Microstructure test

Microstructure tests include general microscope tests and
electron microscope scanning tests. An electronic micro-
scope produced by Jiangsu Leyes Technology Co., Ltd was
used for the general microscope test, and field emission
environmental scanning electron microscopy was used
for the electron microscope scanning test, as shown in
Figure 5.

Concrete specimens with a size of 15mm × 15mm ×

15mm were selected for observation under a general elec-
tronic microscope; concrete specimens with a size of 10mm ×

10mm × 10mm were selected for gold spraying treatment
and then tested under a scanning electron microscope.

3 Results and analysis

3.1 Nano-modified recycled brick aggregate
properties

The apparent phenomena of aggregates were observed through
a general microscope, as shown in Figure 6. The surface of
the stone aggregate was smooth with fewer pores and
cracks, and its compactness was relatively high; the surface
of the brick aggregate was rough with a large number of
cracks and pores, and its compactness was low. After the
brick aggregate is modified with nano-SiO2, its surface pores
and cracks are filled with nano-SiO2 particles. As the con-
centration of nano-SiO2 solution increased, the number and
size of surface cracks and pores on the brick aggregate

Figure 1: Aggregate modification process.

Table 4: Mix proportions of concrete (kg m−3)

Type Water Cement Sand NCA RCA Q1* Q2* Q3*

p 175 350 700 1,140 0 0 0 0
B25 175 350 700 855 234 − − −

B50 175 350 700 570 468 − − −

B75 175 350 700 285 702 − − −

B100 175 350 700 0 936 − − −

LB25 175 350 700 855 − 234 − −

LB50 175 350 700 570 − 468 − −

LB75 175 350 700 285 − 702 − −

LB100 175 350 700 0 − 936 − −

MB25 175 350 700 855 − − 234 −

MB50 175 350 700 570 − − 468 −

MB75 175 350 700 285 − − 702 −

MB100 175 350 700 0 − − 936 −

HB25 175 350 700 855 − − − 234
HB50 175 350 700 570 − − − 468
HB75 175 350 700 285 − − − 702
HB100 175 350 700 0 − − − 936

*Q1, Q2, and Q3 are recycled brick aggregates modified with nano-SiO2

solutions at concentrations of 1, 2, and 3%, respectively. The unmodified
recycled brick aggregate was soaked in water for 2 days to ensure that it
reached a saturated surface dry state.
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gradually decreased, and the roughness gradually decreased.
However, with the continuous increase in the concentration
of the nano-SiO2 solution, some nano-SiO2 exhibited agglom-
eration phenomena. The reason for this phenomenon is that
nano-SiO2 is insoluble in water. When the concentration of
nano-SiO2 is too high, a small portion of nano-SiO2 will enter
the brick aggregate together with water, while another por-
tion of nano-SiO2 will adsorb on the surface of the brick
aggregate due to its rough surface and even distribution.

Most of the nano-SiO2 will gradually settle on the surface of
the brick aggregate under the action of gravity, which easily
causes nano-SiO2 agglomeration.

The crushing index and water absorption of recycled
brick aggregate before and after nano-SiO2 modification are
shown in Figure 7. After nano-modification, the water absorp-
tion and crushing index of the recycled brick aggregate
decreased, and with the increase in the nano-SiO2 concentra-
tion, the water absorption and crushing index decreasedmore

Figure 2: Mechanical properties test. (a) Compressive strength test, (b) splitting tensile strength test, and (c) flexural strength test.

Table 5: Mechanical properties test details

Test Specimen size (mm) Conversion coefficient Loading speed (MPa/s)

Compressive strength test 100 × 100 × 100 0.95 0.6
Flexural strength test 100 × 100 × 400 0.85 0.05
Splitting tensile strength test 100 × 100 × 100 0.85 0.05

Figure 3: Rapid freeze‒thaw cycle testing machine.
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significantly. The decrease in water absorption was larger
than that of the crushing index, and the water absorption of
recycled brick aggregate decreased by 15.09, 19.52, and 27.09%,
respectively, after being modified by soaking in 1, 2, and 3%
nano-SiO2 solution, while the crushing index decreased by
6.74, 10.18, and 14.52%, respectively. This is due to the filling
of recycled brick aggregate pores with nano-SiO2, which
reduces the water absorption and crushing index of the aggre-
gate. This was consistent with the results of Wang et al. [42].
However, nano-SiO2 does not react with the recycled brick
aggregate and only fills the pores, with limited improvement
in aggregate strength.

3.2 Mechanical properties

The compressive strength, flexural strength, and splitting
tensile strength before and after nano-SiO2 modification
are shown in Figures 8–10. As the replacement rate of brick
aggregate increased, the compressive strength, flexural

strength, and splitting tensile strength of the concrete
showed a downward trend, and the downward trend was
increasingly obvious. The reasons are as follows: on the
one hand, the recycled brick aggregate has low strength
and high porosity, resulting in lower strength of concrete;
while on the other hand, due to the high moisture content
of the brick aggregate, the effective water cement ratio of
concrete increases, which leads to a decrease in concrete
strength.

After nano-SiO2 modification, the compressive strength,
flexural strength, and splitting tensile strength of recycled
brick aggregate concrete were significantly improved. The
reason is that nano-SiO2 can fill the pores of recycled brick
aggregate and increase the compactness of concrete. In addi-
tion, nano-SiO2 has chemical activity, which can promote
cement hydration and secondary reaction with Ca(OH)2 to
produce C–S–H gel to strengthen the interfacial transition
zone between cement mortar and recycled brick aggregate,
thereby improving the mechanical properties of recycled
brick aggregate concrete.

With the increase in the nano-SiO2 solution concentra-
tion, the compressive strength, flexural strength, and split-
ting tensile strength of recycled brick aggregate concrete
first increased and then decreased. Therefore, when the
concentration of nano-solution was 2%, the mechanical
properties of recycled brick aggregate concrete were the
best. This may be because although nano-SiO2 is adsorbed
on the recycled brick aggregate, it easily falls off and inte-
grates into the cement mortar. With the increase in the
nano-SiO2 solution concentration, more nanomaterials are
integrated into the cement mortar, and nano-SiO2 is not easy
to disperse in the wet state, which leads to the agglomera-
tion of nano-SiO2 and reduces the strength of concrete
cement stone, thus reducing the strength of concrete.

Figure 4: Relative dynamic modulus elasticity test.

Figure 5: Microstructure test. (a) General microscope test and (b) scanning electron microscope test.
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Figure 6: Apparent phenomena of aggregates before and after nano-SiO2 modification. (a) P, (b) B, (c) LB, (d) MB, and (e) HB.

Figure 7: Aggregate properties before and after nano-SiO2 modification. (a) Crushing index and (b) water absorption.
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3.3 Freeze‒thaw test phenomenon

The apparent phenomena of each group of concrete speci-
mens after different freeze‒thaw cycles are shown in
Figure 11. Before the freeze‒thaw cycles, the surface of
the specimen was smooth, and there was no significant
difference between each group of specimens. After 10
freeze‒thaw cycles, a small amount of cement mortar fell
off the surface of each group of specimens, and there were
small holes. The shedding phenomenon of the specimens
was not significant, and the apparent phenomenon of each
group of specimens was not significantly different. After 20
freeze‒thaw cycles, the number of small holes in the
P-group specimens increased, and the coarse aggregate was

exposed. The surface of the B50-group specimens became
rough, there were dense small holes, and the amount of
mortar shedding increased. The surface holes in B50-group
specimens were smaller than those in MB50-group speci-
mens. As the number of freeze‒thaw cycles continued to
increase, the aggregate exposure of the P-group specimens
was more significant than that of the B50-group and MB50-
group, and the number of holes in the B50-group was less
than that in the MB50-group. The reasons for this situation
are as follows: According to hydrostatic pressure theory [47]
and osmotic pressure theory [48], when the freeze‒thaw
cycle occurs, the large pores in the connected pores will
absorb the water in the small pore, thus squeezing the
pore wall and causing internal damage to the concrete.
For ordinary aggregate concrete, the interface transition
zone is equivalent to the large pore, which is the part where
freeze‒thaw damage occurs. After the interface transition
zone is damaged, the aggregate is peeled off from the
cement mortar, resulting in the exposure of coarse aggre-
gate. For recycled brick aggregate concrete, due to the large
water absorption of recycled brick aggregate, the water in
the interfacial transition zone will enter the recycled brick
aggregate during the freeze‒thaw cycles, which alleviates
the pressure in the interfacial transition zone. In addition,
the surface of the recycled brick aggregate is rougher,
and the pores and cracks are increasingly larger so that
the cement slurry flows into the brick aggregate and melts
into one. The bonding effect between the recycled brick
aggregate and cement mortar is better, which improves
the frost resistance of concrete to a certain extent. For
nano-SiO2-modified recycled brick aggregate concrete,
nano-SiO2 fills the cracks and pores on the surface of

Figure 8: Compressive strength before and after nano-SiO2 modification. Figure 10: Splitting tensile strength before and after nano-SiO2

modification.

Figure 9: Flexural strength before and after nano-SiO2 modification.
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the recycled brick aggregate, reduces its surface roughness,
blocks the passage of cement mortar into the brick aggre-
gate, making it easier for the cement mortar to fall off, and
reduces the frost resistance of the concrete.

3.4 Mass loss after freeze‒thaw cycles

The mass loss of each group of concrete specimens after dif-
ferent freeze‒thaw cycles is shown in Figure 12. Figure 12
shows that as the number of freeze‒thaw cycles increased,
the mass loss first decreased and then increased. When the
number of freeze‒thaw cycles was less, the mass loss of the
specimen decreased. The reason is that the mass loss of con-
crete caused by freeze‒thaw is less at this time, while the
small holes and cracks in the concrete increase after the
freeze‒thaw cycle, resulting in a larger mass of water
absorbed inside the concrete.

Figure 11: Apparent phenomena of concrete after freeze‒thaw cycles. (a) 10 freeze‒thaw cycles, (b) 20 freeze‒thaw cycles, (c) 30 freeze‒thaw cycles,
(d) 40 freeze‒thaw cycles, (e) 50 freeze‒thaw cycles, and (f) 60 freeze‒thaw cycles.

Figure 12: Mass loss of concrete after freeze‒thaw cycles.
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In addition, the mass loss of ordinary aggregate con-
crete was larger than that of recycled brick aggregate con-
crete. The reason is that the porosity and water absorption
of brick aggregate are larger than those of ordinary aggre-
gate, which leads to more water absorption of recycled
brick aggregate concrete during freeze‒thaw cycles. In
addition, recycled brick aggregate has a stronger bonding
ability with cement mortar, resulting in less cement mortar
shedding.

Before 40 freeze‒thaw cycles, the mass loss of recycled
brick aggregate concrete was larger than that of nano-SiO2-
modified recycled brick aggregate concrete. After 40 freeze‒
thaw cycles, the mass loss of recycled brick aggregate con-
crete was lower than that of nano-SiO2-modified recycled
brick aggregate concrete. This may be because nano-SiO2

blocks some of the pores in the brick aggregate during the
initial stage of freezing and thawing, forming closed pores
and resulting in a relatively small frost pressure. As the
number of freeze‒thaw cycles increases, the pores
blocked by nano-SiO2 gradually connect with the large
pores, absorbing a large amount of water and resulting
in an increase in frost pressure.

3.5 Relative dynamic elastic modulus after
freeze‒thaw cycles

The relative dynamic elastic modulus of each group of
concrete specimens after different freeze‒thaw cycles is
shown in Figure 13. The relative dynamic elastic modulus

of the concrete specimens presented a downward trend
with increasing freeze‒thaw cycles. This is due to the
increasing freeze‒thaw damage of concrete, which leads
to a decrease in the relative dynamic elasticmodulus. After 60
freeze‒thaw cycles, the relative dynamic elastic modulus of
ordinary aggregate concrete, recycled brick aggregate con-
crete, and nano-SiO2-modified recycled brick aggregate con-
crete were 52, 60, and 55%, respectively. The appropriate
addition of brick aggregate can play the role of an air-
entraining agent, thereby enhancing the frost resistance of
concrete. However, the nano-SiO2-modified recycled brick
aggregate will prevent the water in the interfacial transition
zone from flowing into the brick aggregate, which reduces
the effect of the brick aggregate air-entraining agent.

3.6 Compressive strength after freeze‒thaw
cycles

The compressive strength of each group of concrete speci-
mens after different freeze‒thaw cycles is shown in Figure 14.
With the increase in the number of freeze‒thaw cycles, the
compressive strength of concrete decreased gradually. At 15
freeze‒thaw cycles, the compressive strength loss of ordinary
aggregate concrete and nano-SiO2-modified recycled brick
aggregate concrete was small (compressive strength loss rates
were 10 and 16.9%, respectively), while the compressive
strength loss of recycled brick aggregate concrete was large
(compressive strength loss rate was 26.5%). This is because
when the number of freeze‒thaw cycles is small, the density
of concrete plays amajor role in frost resistance. The effective

Figure 13: Relative dynamic elastic modulus of concrete after freeze‒
thaw cycles. Figure 14: Compressive strength of concrete after freeze‒thaw cycles.
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water-cement ratio of ordinary concrete is low, and its com-
pactness is larger than that of recycled brick aggregate con-
crete. Nano-SiO2 can promote the hydration reaction, so the
compactness of nano-SiO2-modified recycled brick aggregate
concrete is also larger than that of recycled brick aggregate
concrete.

When the number of freeze‒thaw cycles exceeded 15,
the compressive strength loss of the concrete began to
increase. This is because due to the increase in the number
of freeze‒thaw cycles, the cement stone on the surface of
the specimen continues to fall off, and the free water of the
smaller pores gradually produces ice crystals. The spe-
cimen is subjected to the expansion of a large number of
ice crystals, which gradually accelerates the growth of the
compressive strength loss of the specimen. In addition, the
compressive strength loss of ordinary aggregate concrete
and nano-SiO2-modified recycled brick aggregate concrete
was gradually higher than that of recycled brick aggregate
concrete. After 60 freeze‒thaw cycles, the compressive
strength losses of ordinary aggregate concrete, nano-SiO2-
modified recycled brick aggregate concrete, and recycled
brick aggregate concrete were 83.2, 76.4, and 68.9%, respec-
tively. This is because when the number of freeze‒thaw
cycles is large, the frost damage of concrete is mainly
caused by the spalling of cement paste. When the
recycled brick aggregate concrete is subjected to freeze‒
thaw damage, the voids on the surface of the recycled
brick aggregate can alleviate the volume expansion pres-
sure caused by water icing, thereby improving its frost
resistance; in addition, the surface of the brick aggregate
is rough, and the bond strength with the cement paste is
stronger, so that the cement paste of the specimen does
not easily fall off, which slows down the continuous
damage caused by the new pores of the specimen [16].
After nano-SiO2 modification of the recycled brick aggre-
gate, cracks and holes on the surface of the brick aggre-
gate are filled. When the freezing pressure is too large,
nano-SiO2 hinders the flow of water from the interface
transition zone to the brick aggregate, which makes the
pressure in the interface transition zone too large, making
it easier for the cement stone to fall off the aggregate and
reducing the frost resistance of the specimen.

3.7 Microstructure after freeze‒thaw cycles

The microstructure of each group of concrete specimens after
different freeze‒thaw cycles is shown in Figure 15. After freeze‒
thaw cycles, the cement stone in the interface transition zone of

each group of concrete specimens gradually became dispersed,
some cement stone was missing, and cracks appeared in the
bonding zone with the aggregate. This is due to the action of
hydrostatic pressure and osmotic pressure, and cement stone
produces cracks and holes, which continue to develop, resulting
in cement stone splitting and missing.

Figure 15(a-1, b-1, d-1, e-1) shows that under the same
number of freeze‒thaw cycles, the interfacial transition
zone between stone aggregate and mortar was more likely
to produce cracks and pores. The cracks divided the cement
mortar into small pieces (a-1), and the separation speed of
stone aggregate and cement mortar was faster than that of
brick aggregate and cement mortar.

Figure 15(a-2, b-2, d-2, e-2) shows that under the same
number of freeze‒thaw cycles, the pores in the interfacial
transition zone of ordinary aggregate concrete were larger,
and the spalling of cement mortar was more serious.
Although there were also pores in the interfacial transition
zone of recycled brick aggregate concrete, the integrity of
the cement stone was good, and there was no large amount
of cement stone spalling. This is because the surface of the
recycled brick aggregate is rough and the cement mortar
can enter the brick aggregate through the pores, so the
bonding ability of the recycled brick aggregate and the
cement mortar is stronger, and it is not easy to damage
after the freeze‒thaw cycles. In addition, the pores on the
surface of the recycled brick aggregate can alleviate the
volume expansion pressure caused by water icing.

Figure 15(c-1, e-1, g-1, h-1) shows that under the same
number of freeze‒thaw cycles, there were no significant
cracks and pores in the cement paste in the interface tran-
sition zone of recycled brick aggregate concrete and
nano-SiO2-modified brick aggregate concrete. However,
after 45 freeze‒thaw cycles, the interfacial transition
zone of recycled brick aggregate concrete and nano-
SiO2-modified brick aggregate concrete appeared to have a
significant boundary.

Figure 15(d-2, h-2) shows that after 45 freeze‒thaw
cycles, the cracks and pores of cement mortar in the inter-
facial transition zone of nano-SiO2-modified brick aggregate
concrete were significantly more than those of recycled
brick aggregate concrete. This is due to nano-SiO2 filling
the pores and cracks on the surface of the recycled brick
aggregate and reducing its roughness [49], resulting in a
decrease in the amount of cement mortar entering the
recycled brick aggregate and a decrease in the bond force
between the cement mortar and recycled brick aggregate. In
addition, nano-SiO2 hinders the passage of recycled brick
aggregates that alleviate water pressure in the interface
transition zone.

Mechanical properties and frost resistance of recycled brick aggregate concrete  11



Figure 15: Microstructure of concrete after freeze‒thaw cycles. (a) P after 15 freeze‒thaw cycles, (b) P after 45 freeze‒thaw cycles, (c) B50 before
freeze‒thaw cycles, (d) B50 after 15 freeze‒thaw cycles, (e) B50 after 45 freeze‒thaw cycles, (f) MB50 before freeze‒thaw cycles, (g) MB50 after 15
freeze‒thaw cycles, (h) MB50 after 45 freeze‒thaw cycles, and (i) MB50 after 60 freeze‒thaw cycles.

12  Tian Su et al.



Figure 15: (Continued)
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3.8 Freeze‒thaw damage mechanism

The concrete freeze‒thaw damage schematic diagram is
shown in Figure 16. After the concrete was soaked in water
for 4 days, water and air sacs coexisted in the pores of the
concrete, as shown in Figure 16(a). Ordinary concrete had
fewer overall air sacs, ordinary recycled brick aggregate
concrete had more air sacs, and nano-modified recycled
brick aggregate had the most air sacs. This is because the
water cannot completely exclude the air sac in the concrete
under normal pressure, and the larger the porosity of the
aggregate, the higher the content of the air sacs. The stone
aggregate is nearly solid, and there are very few air sacs in
ordinary concrete. Brick aggregate has more air sacs due to
its high porosity and complexity of pore structure. Although
nano-modified concrete reduces the porosity of the transi-
tion zone due to the filling of brick aggregates with nano-
materials and the promotion of hydration products in the
interface transition zone, it also blocks the channel of water
flow into the brick aggregate, resulting in more air sacs in
the concrete. This can be proven by themass loss of concrete
during freeze‒thaw cycles; that is, when the number of
freeze‒thaw cycles is small, the concrete mass continues
to increase. The degree of mass increase is ordinary con-
crete < recycled brick aggregate concrete < nano-modified
recycled brick aggregate concrete, which reflects the volume
of air sacs contained in the concrete.

When the concrete was frozen, the water around the
specimen froze from the outside to the inside due to the
temperature transfer process, causing the surface water of
the specimen to first freeze and form a closed space to
wrap the specimen, preventing the flow of water inside
and outside the specimen. Then, the water inside the spe-
cimen partially froze, resulting in an increase in the volume
and movement of the internal water, as shown in Figure
16(b). For ordinary stone aggregate concrete, due to the

larger pore size of the interface transition zone than that
of cement stone, water flow converged toward the interface
transition zone during the freezing process, and the inter-
face transition zone first froze. Due to the lack of air sacs in
the interface transition zone to relieve pressure, it is sub-
jected to significant water pressure, resulting in severe
freeze‒thaw damage. For recycled brick aggregate concrete,
due to the smaller pore size of the interface transition zone
compared to the internal pores of the brick aggregate, water
flowed into the brick aggregate during the freezing process.
The water inside the capillary opening carried some air sacs
to flow toward the large or small pores; the water inside the
small pores carried some air sacs to flow toward the large
pores, which could effectively alleviate water pressure.
According to osmotic pressure theory, the large pores and
small pores in the brick produced greater water pressure,
but there were air sacs in the large pores and small pores to
relieve the water pressure. Therefore, the degree of damage
caused by pore water pressure inside the brick aggregate
was limited, and the water pressure in the interface transi-
tion zone was very low because brick aggregate absorbed
water in the interface transition zone. For nano-modified
recycled brick aggregate concrete, the surface pores of the
brick aggregate were blocked by nanomaterials and their
hydration products, which hindered the flow of water
between the interface transition zone and the brick aggre-
gate. The interface transition zone first froze, and then the
water flow of small holes in the surrounding cement stone
converged toward the interface transition zone. Similar to
recycled brick aggregate concrete, the presence of air sacs
alleviated water pressure. The water pressure in the interfa-
cial transition zone of nano-modified recycled brick aggregate
concrete was larger than that of recycled brick aggregate
concrete; the water pressure in the interfacial transition
zone of nano-modified recycled brick aggregate concrete
was lower than that of ordinary concrete. Therefore, the frost

Figure 15: (Continued)
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Figure 16: Concrete freeze‒thaw damage schematic diagram. (a) Concrete soaking for 4 days, (b) concrete freezing process, and (c) concrete thawing
process.
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resistance of nano-modified recycled brick aggregate con-
crete was superior to that of ordinary concrete but inferior
to that of recycled brick aggregate concrete.

During the thawing process, the external water of the
concrete first thawed, and the enclosed space formed by
the ice layer disappeared. The internal and external water
could flow, as shown in Figure 16(c). Due to the shedding of
cement stone during the freeze‒thaw process, the concrete
formed a deep-water channel inside the specimen (the size
of the water channel in ordinary concrete specimens > the
size of the water channel in nano-modified recycled brick
aggregate concrete > the size of the water channel in
recycled brick aggregate concrete). The water channel
made the external water enter the interior of the specimen

and increased the channel for the air sacs to discharge the
specimen, thereby increasing the saturation of the spe-
cimen. For ordinary concrete, due to the smooth surface
of the stone aggregate, the cement stone was prone to
separation and detachment from the stones, which could
easily form a water flow channel entering the interior of
the specimen, which was detrimental to the frost resistance
of the specimen. For recycled brick aggregate concrete, the
water pressure in the interfacial transition zone was slowed
down, which reduced the speed of cement stone shedding
on the surface, thus slowing down the speed of external
cracks penetrating into the interior, reducing the growth
rate of saturation, and thereby improving the frost resis-
tance of concrete. Compared with recycled brick

Figure 16: (Continued)
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aggregate concrete, the water pressure in the interfacial
transition zone of nano-modified recycled brick aggre-
gate concrete was higher, and the cement stone fell off
relatively faster, which improved the speed of external
cracks penetrating into the interior, increasing the growth
rate of saturation and thereby reducing the frost resistance
of concrete.

3.9 Prediction of frost resistance life

In this study, the damage degree Dn is defined as follows:

=
−

D
E E

E
,n

n0

0

(1)

where E
0
is the dynamic elastic modulus without a freeze‒

thaw cycle; and En is the dynamic elastic modulus after n
freeze‒thaw cycles.

The probability density function of the concrete freeze‒
thaw cycle life N was established using a two-parameter
model as follows [50]:
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where a is the scale standard, and b is the shape standard.
The probability distribution function for the life of

concrete structures is as follows:
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When subjected to n1 freeze‒thaw cycles, the failure
probability of concrete is as follows:
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The reliability function can be obtained from the
Weibull distribution function as follows:
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Perform a Weibull transformation on equation (5):

( ( ) ( ))
⎛
⎝

⎛
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⎞
⎠
⎞
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Rn
b n aln ln

1

ln ln . (6)

Order Y = ln(1/R(n)), X = ln(n), C = −bln(a), and equation
(6) could be converted to Y = Y(X) = bx + C.

Using the actual number of freeze‒thaw cycles as an
independent variable, data fitting was performed using
Origin software to obtain the Weibull distribution value
of the concrete life, as shown in Table 6. Linear fitting

Table 7: Weibull fitting parameters

b C R2

P 1.78883 −7.69613 0.97472
B50 1.38057 −6.40043 0.95773
MB50 1.54921 −6.88425 0.96955

Figure 17: Weibull fitting line.

Table 6: Weibull distribution value

Freeze‒thaw
cycles

1/R(n) X = ln(n) Y = ln(ln
(1/R(n)))

P 10 1.033058 2.302585 −3.425802
20 1.075269 2.995732 −2.623194
30 1.199041 3.401197 −1.706379
40 1.538462 3.688879 −0.842151
50 1.666667 3.912023 −0.671727
60 1.923077 4.094345 −0.424760

B50 10 1.048218 2.302585 −3.055660
20 1.075269 2.995732 −2.623194
30 1.234568 3.401197 −1.557220
40 1.310616 3.688879 −1.307493
50 1.428571 3.912023 −1.030930
60 1.666667 4.094345 −0.671727

MB50 10 1.041667 2.302585 −3.198534
20 1.081081 2.995732 −2.551540
30 1.282051 3.401197 −1.392468
40 1.333333 3.688879 −1.245899
50 1.562500 3.912023 −0.806793
60 1.818182 4.094345 −0.514437
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is performed on the Weibull values in Table 6 to obtain
the corresponding Weibull parameter values b and C, as
shown in Table 7 and Figure 17.

From Table 7 and Figure 17, it can be seen that the
correlation coefficient R2 was larger than 0.95, indicating
that the linear correlation between Y and X was good, that
is, the measured data met the Weibull distribution. The
Weibull distribution life prediction model for concrete
under actual freeze‒thaw cycles is as follows:

( ( ( ))) ( )= = −Y R n nP: ln ln 1/ 1.78883ln 7.69613, (7)

( ( ( ))) ( )= = −Y R n nB50 : ln ln 1/ 1.38057ln 6.40043, (8)

( ( ( ))) ( )= = −Y R n nWB50 : ln ln 1/ 1.54921ln 6.88425, (9)

When R(n) = 0.6, the concrete could be judged as
invalid. By substituting R(n) = 0.6 in the model obtained
above, it could be concluded that the ultimate freeze‒thaw
cycles for ordinary concrete, recycled brick aggregate con-
crete, and nano-SiO2-modified recycled brick aggregate
concrete were 50, 63, and 55 times, respectively.

4 Conclusion

1) The crushing index and water absorption of nano-SiO2-
modified recycled brick aggregate were lower than
those of recycled brick aggregate, and with increasing
nano-SiO2 concentration, the water absorption and crushing
index decreased more significantly.

2) After nano-SiO2 modification, the compressive strength,
flexural strength, and splitting tensile strength of recycled
brick aggregate concrete were significantly improved. With
the increase in the nano-SiO2 solution concentration, the
compressive strength, flexural strength, and splitting tensile
strength of recycled brick aggregate concrete first increased
and then decreased.

3) With the increase in the number of freeze‒thaw cycles,
the mortar on the concrete surface fell off and the
coarse aggregate was exposed, and the mass loss first
decreased and then increased, while the relative dynamic
elastic modulus and compressive strength decreased
gradually.

4) The frost resistance of recycled brick aggregate con-
crete was superior to that of ordinary aggregate con-
crete, while the frost resistance of nano-SiO2-modified
recycled brick aggregate concrete was inferior to that of
recycled brick aggregate concrete.

5) The freeze‒thaw damage mechanism of recycled brick
aggregate concrete was analyzed, and a freeze‒thaw
damage life predictionmodel of nano-SiO2-modified recycled

brick aggregate concrete based on the Weibull distribution
was proposed.
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