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In order to study the capillary water absorption characteristics of recycled concrete (RAC) with different replacement rates of
recycled coarse aggregate (0, 20%, 40%, and 60%) in freeze-thaw environment, the standard test method of measuring the water
absorption of hydraulic cement concrete (ASTM C1585-13) was adopted, and the influence mechanism of freeze-thaw cycle and
replacement rate of recycled coarse aggregate on the capillary water absorption of RAC was analyzed, and a prediction model of
initial capillary water absorption of RAC in freeze-thaw environment was established. The results show that when the freeze-thaw
environment is the same, the greater the replacement rate of recycled coarse aggregate, the greater the cumulative water ab-
sorption of RAC, the faster the initial capillary water absorption, and the stronger the capillary water absorption; when the freeze-
thaw environment is different, the more the freeze-thaw cycles, the greater the cumulative water absorption of RAC with the same
replacement rate of recycled coarse aggregate, the faster the initial capillary water absorption, and the stronger the capillary water
absorption. The prediction model of RAC initial capillary water absorption established by regression analysis has high accuracy,
which can be used to predict RAC capillary water absorption performance and provide theoretical basis for the research of RAC

frost resistance durability.

1. Introduction

Since the reform and opening up, China’s economy has
continued to develop at a high speed, and the construction
industry as a pillar industry has made great achievements. At
the same time, the large-scale infrastructure construction
also pays a huge cost of resources and environment.
According to statistics, the use of concrete in China accounts
for 45% of the total use in the world, and it is estimated that
the output of domestic construction waste will reach an
amazing 3.966 billion tons by 2020. Such a huge amount of
construction waste is mainly disposed by traditional
methods such as stacking or landfill. It has polluted the air,
soil, and groundwater, increased the difficulty of urban
governance, and damaged the image of the city, which is a
big problem faced by city managers. At present, the recycling
of resources has become a global hot spot. Many countries
actively promote the application of recycled aggregate

concrete by introducing relevant policies or encouraging
innovation. After crushing, cleaning, and grading the waste
concrete blocks in the construction waste, they are mixed to
form recycled coarse aggregate in a certain proportion, and
the new concrete prepared by partially or completely
replacing the natural aggregate is called recycled concrete
[1]. It has also been studied that a large number of waste
mussel shells from aquaculture and mussel factory residues
are partially or completely replaced by natural aggregate to
prepare recycled concrete for engineering application, which
improves the sustainability of this new type of concrete and
the environment [2]. Recycling of recycled concrete is the
most effective way to solve the abovementioned problems.
The application of recycled concrete technology will form
the circular industry development mode of “production-use-
waste-reproduction-use of concrete, which can realize the
effective recycling and reuse of waste concrete. It is of great
significance for environmental protection, resource
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conservation, and the development of ecological buildings. It
meets the requirements of sustainable development and is an
important development direction of concrete industry in the
future.

Concrete is a kind of porous building material, and the
transmission of water in porous material is an important
reason for its performance degradation [3]. There are three
modes of migration of water and water-soluble jons in
concrete: diffusion of ions in saturated pore solution, cap-
illary adsorption, and infiltration under pressure gradient
[4]. In concrete, capillary action is the main way of water
penetration, which has been paid more and more attention
by scholars in various countries [5-7]. At present, the water
absorption of building materials has been widely used to
characterize the water absorption of concrete and gradually
become an important index to evaluate the durability of
concrete. Scholars at home and abroad have carried out a lot
of research on capillary water absorption of ordinary con-
crete. Qiu et al. [8] analyzed the influence of freeze-thaw
damage and polypropylene fiber content on the capillary
water absorption performance of gangue concrete and
established the initial capillary water absorption model.
Ghasemzadeh et al. [9] used the ASTM C1585-13 [10] test
method to draw the conclusion that the capillary water
absorption increased linearly with the increase of damage
degree and tended to be stable in the later stage. Elawady
et al. [11] found that the curing conditions have a significant
effect on the capillary water absorption of concrete com-
pared with the compressive strength, and the addition of
appropriate amount of silica fume can increase the com-
pressive strength of concrete and reduce the capillary water
absorption. Foti et al. [12] used blast furnace slag and
microsilica or blast furnace slag and fly ash to completely
replace sand for the water absorption test. It was found that
compared with ordinary concrete, its water absorption rate
was lower. The mechanism of water transfer in recycled
concrete is mostly limited to the study of permeability and
ion diffusion [13-18], and the study of capillary water ab-
sorption is less. However, capillary adsorption is not only the
main way of water penetration [19] but also the control
factor of accelerating concrete deterioration in freeze-thaw
environment [20]. Therefore, it is necessary to study the
capillary water absorption performance of recycled concrete
in freeze-thaw environment.

Based on the capillary water absorption test and freeze-
thaw cycle test, this paper studies the effect of freeze-thaw
cycle and recycled coarse aggregate replacement rate on the
capillary water absorption of recycled concrete, analyzes the
initial capillary water absorption of recycled concrete in
different freeze-thaw environments, and establishes the
prediction model of the initial capillary water absorption of
recycled concrete in the freeze-thaw environment, so as to
improve the capillary water absorption of recycled concrete
for reference.

2. Experiment

2.1. Materials. The cement used is PO 42.5R cement pro-
duced by Shanxi Qinling Cement Co., Ltd., with the basic
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properties shown in Table 1 and the chemical composition
shown in Table 2. The natural fine aggregate is medium sand,
and the natural coarse aggregate (NCA) is continuously
graded stone with the particle size of 5-15 mm. The recycled
coarse aggregate (RCA) is taken from the waste concrete test
block in the laboratory, which is crushed into 5-15mm
gravel by using a jaw crusher. Before the test, the recycled
coarse aggregate and gravel were screened and graded
continuously (see Table 3 for each aggregate parameter). The
test water is an ordinary tap water. A superplasticizer (SP)
and air-entraining agent (AEA) were used in the test.

2.2. Specimen Preparation. Two types of specimens,
100mm x 100mm x 100mm  and 100 mm x 100 mm x
400 mm, are required for the test. Among them, the size of
the specimen for the compressive strength test and capillary
water absorption test is 100 mm x 100 mm x 100 mm, and
the size of the specimen for the freeze-thaw damage test is
100 mm X% 100 mm x 400 mm. Three specimens are taken as a
group. In the design of mix proportion, combined with the
characteristics of recycled coarse aggregate itself and
meeting the requirements of concrete workability and
slump, the water-cement ratio of the recycled concrete is
0.45, and the replacement rate of the recycled coarse ag-
gregate is 0, 20%, 40%, and 60%, respectively (see Table 4 for
the laboratory mix proportion). Among them, Q0, Q20,
Q40, and Q60 indicate that the replacement rate of recycled
coarse aggregate is 0, 20%, 40%, and 60%, respectively. When
making the specimen, the recycled coarse aggregate shall be
prewetted first [21], and then the sand, cement, stone, and
recycled aggregate shall be put into the forced mixer. After
the mixture is evenly mixed, the weighed tap water shall be
poured in, and then the mixture shall be stirred for 2-3 min
to make the different materials evenly mixed. After mixing
evenly, the newly mixed concrete is temporarily poured on
the wet iron plate, and then the concrete is, respectively, put
into the plastic mold of different sizes. After 24 hours, the
test piece is taken out of the mold and put into the standard
curing box (temperature 20 + 2°C, relative humidity 95%) for
28 days.

2.3. Test Method

2.3.1. Freeze-Thaw Cycle Test. The freeze-thaw test shall be
conducted according to GB/T 50082-2009 [22], and the
KDR-V9 series concrete rapid freeze-thaw test machine
produced by Beijing Shuzhi Yilong Instrument Co., Ltd.,
shall be used for the freeze-thaw cycle test. Before freeze-
thaw, the test piece is immersed in water for 4 days, and the
water surface shall be at least 20~30 mm higher than the
specimen so that the specimen is in the state of water sat-
uration, and the freeze-thaw test shall be started after the
specimen is immersed for 4 days. After 25 freeze-thaw cycles,
the 100 mm x 100 mm x 400 mm test piece is taken out and
the mass loss and relative dynamic elastic modulus are
measured.

NVL2000B electronic balance is used to measure the
mass loss, the test block is taken out from the freeze-thaw
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TaBLE 1: Cement quality index.
Flexural Compression
Fi Standard st Setting time strength strength
Cement variety ineness andard consistency (MPa) (MPa)
modulus (%) water consumption (%) Initial Final
nitia ina
setting (min) setting (h) 3d 28d 3d 28d
P.O 42.5R 34 26.74 65 5 6.21 8.2 29.8 56
TaBLE 2: Cement chemical composition (mass fraction).
Chemical composition Fe, 03 (%) SiO, (%) MgO (%) SO;5 (%) Al,O3 (%) CaO (%)
Content 5.25 21.66 1.06 2.03 513 64.37
TaBLE 3: Physical properties of aggregate.
Type of coarse agaregate Particle size (mm) Crushed Bulk Fineness Water Shape Apparent
P 88eg index (%) density (kg/m®) modulus absorption (%) index (%) density (kg/ms)
RCA 4.7-31.5 11 1302 33 3.1 13.9 2630
NCA 4.7-31.5 6 1435 2.7 1.3 14.5 2820
Sand 0.16-5 — 1480 2.7 0.2 - 2650
TaBLE 4: Mix ratio of recycled concrete.
. Cement 3 3 Stone Water AEA SP Number of
Number  Water-cement ratio (ke /m?) RCA (kg/m”)  Sand (kg/m”) (ke /m’) (kg /m?) (ke /m’) (kg /m®) specimens
QO 0.45 355 0 640 1225 160 2.3 0.1 27
Q20 0.45 355 245 640 980 160 2.3 0.1 27
Q40 0.45 355 490 640 735 160 2.3 0.1 27
Q60 0.45 355 735 640 490 160 2.3 0.1 27

box, the surface moisture and laitance are dried, then the
appearance damage of the specimen is checked and weighed,
and the mass loss of the concrete specimen is analyzed by
measurement:

—= (1)

where W is the mass loss rate of the concrete specimen after
each freeze-thaw cycle; G, is the initial mass of the concrete
specimen (kg); and G,; is the mass of the concrete specimen
after n freeze-thaw cycles (kg).

An NM-4B nonmetallic ultrasonic testing analyzer is
used to measure the relative dynamic modulus. The specific
measurement steps are as follows: (1) drying the surface
moisture and laitance after the test piece is taken out, and
placing it flat on the rubber pad so that it cannot be moved
easily; (2) smearing the probe of nonmetallic ultrasonic
testing instrument with vaseline and adjusting the instru-
ment. The metal probe of the nonmetallic ultrasonic detector
is placed in the center of the two-end faces of the prism and
fixed; (3) the instrument sampling is started and the sam-
pling line is adjusted so that the amplitude is between 3 and
5, and the sampling reading is conducted after the waveform
is stable. The test is repeated 3 times each time and the
average value is taken as the test result of the test piece. The

relative dynamic modulus of elasticity is calculated
according to the following test [23]:
_ Edn _ Sé

dx — -
EdO Sn

(2)

where E;, is the relative dynamic elastic modulus of the
specimen (dimensionless), E,, is the dynamic elastic
modulus of the specimen after n times of freeze-thaw cycles
(MPa), E,p is the dynamic elastic modulus of the specimen
without freeze-thaw cycles (MPa), S, is the super sound of
the specimen after n times of freeze-thaw cycles (us), and S,
is the ultrasonic sound of the specimen without freeze-thaw
cycles (us).

For the freeze-thaw test, when the relative dynamic
elastic modulus of the specimen drops below 60% or the
mass loss rate reaches 5%, the test is terminated.

2.3.2. Compressive Strength Test. The compressive strength
is measured by the YES-2000B digital display pressure tester.
During every 50 freeze-thaw cycles, the specimen of
100 mm x 100 mm x 100 mm is taken out. After it dries
naturally, the specimen is placed on the lower pressing plate
of the tester, its center is aligned with the center of the lower
pressing plate of the tester, and then the load is applied



continuously and evenly. When the specimen is close to
failure and starts to deform rapidly, the accelerator of the
tester is not adjusted, and the failure load is recorded until
the specimen fails. The compressive strength is determined
according to the following test:
F
Fo, = 2% 095, (3)

where F,, is the cube compressive strength of the specimen
(MPa), F is the compressive failure load of the specimen
(kN), and A is the bearing area of the specimen.

For the compressive strength test, the arithmetic mean
value of three specimens is taken as the compressive strength
value of this group of specimens.

2.3.3. Capillary Water Absorption Test. The test was per-
formed according to ASTM C1585, the standard test method
for measuring the water absorption of hydraulic cement
concrete [10], and the water absorption device is shown in
Figure 1.

The capillary water absorption test adopts a cube of
100 mm x 100 mm x 100 mm. Before the test, the epoxy resin
shall be evenly coated on the four sides of the specimen
(pouring surface as the upper surface) after standard curing
for 28 d. After the epoxy resin is dried, the specimen shall be
baked in an oven (temperature: 105°C, relative humidity:
80 +3%) for 48 h until the mass is constant, and then it shall
be taken out. After the temperature of the specimen drops to
room temperature, the upper surface of the specimen shall
be sealed with plastic film to make one surface of the
specimen contact with water. The length of each side of the
contact surface between the specimen and water is measured
using a vernier caliper and it is measured three times on each
side, and the contact area is calculated. The specimen is
placed on the support so that the liquid level is 1-3 mm
higher than the bottom of the specimen. During the test, the
specimen is weighed according to the time interval shown in
Table 5 (time accuracy is 1s). The average value of the mass
of each group of three specimens is taken, and the mass
accuracy is 0.01 g. The test interval was set as 25 freeze-thaw
cycles because the durability of recycled concrete is poor,
only 0, 25, 50, and 75 freeze-thaw cycles are set.

3. Results and Discussion

3.1. Surface Deterioration. Concrete is a heterogeneous
composite material. Therefore, the deterioration charac-
teristics of freeze-thaw damage are closely related to the
initial damage, such as microholes and microcracks [24].
During the whole freeze-thaw cycle, the surface degradation
of recycled concrete can be divided into four stages, as
shown in Figure 2:

Stage I: in the early stage of freeze-thaw, the surface of
recycled concrete has basically no change, no damage,
and no exposed aggregate, as shown in Figure 2(a).

Stage II: in the middle stage of freeze-thaw, at this time,
the mortar on the surface of recycled concrete has
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FIGURE 1: Capillary water absorption device diagram.

TaBLE 5: Times and tolerances for the measurements schedule.

Time Tolerance
60s 2s

5 min 10s

10 min 2 min
20 min 2 min
30 min 2 min
Every hour, up to 6h 2h
Once a day, up to 3 days 2h
Day 4 to7, 3 measurements 24 h apart 2h
Day 81 (one) measurement 2h

partial peeling off, forming a small number of holes, but
the whole is relatively intact, as shown in Figure 2(b).

Stage III: :in the later stage of freeze-thaw cycle, the
amount of mortar spalling on recycled concrete surface
increases. With the increase of spalling amount, the
exposed aggregate is gradually exposed, as shown in
Figure 2(c).

Stage IV: in the freeze-thaw damage stage, at this time,
with the number of freeze-thaw cycles approaching the
limit of freeze-thaw damage times of the test piece, the
mortar on the surface of the test piece is seriously
spalling, the recycled coarse aggregate in the recycled
concrete is obviously dropped, and the aggregate is
completely exposed and damaged, as shown in
Figure 2(d).

3.2. Mass. The change of mass loss rate of recycled concrete
specimens with different replacement rates of recycled
coarse aggregate in freeze-thaw environment is shown in
Figure 3.

It can be seen from Figure 3 that with the increase of
freeze-thaw cycles, the mass loss of recycled concrete de-
creases first and then increases. This is due to the existence of
initial damage and microcracks inside the concrete in the
early stage of freeze-thaw, which absorbs part of water and
makes its quality increase. With the increase of freeze-thaw
cycles, the internal cracks further expand and the amount of
mortar peeling on the concrete surface gradually increases,
resulting in the decrease of its quality. In the early stage of
freeze-thaw, the mass loss of Q20 and Q40 is close to that of
Q0. With the increase of freeze-thaw times, the loss rate of
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(c)

(d)

FIGURE 2: Concrete surface deterioration. (a) Pre freezing and thawing. (b) Mid freezing and thawing. (c) Late freeze-thaw. (d) Freeze-thaw

damage.
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FIGURE 3: Mass loss rate.

Q20 and Q40 is gradually higher than that of QO, but the loss
trend of Q20 and Q40 is almost the same. After 300 cycles of
freeze-thaw, the mass loss rate of the QO group was 3.71%,
while that of Q20 and Q40 groups was more than 5%.

Therefore, the test of Q20 and Q40 groups was finished after
275 cycles of freeze-thaw. In the Q60 group, the mass loss
rate of 175 times of freezing and thawing is more than 5%, so
the test is finished after 150 times of freezing and thawing. It
can be seen that the replacement rate of recycled coarse
aggregate has a great influence on the mass loss rate of the
specimen, indicating that the recycled coarse aggregate plays
a controlling role in the frost resistance of the specimen. The
addition of recycled coarse aggregate accelerates the de-
velopment of damage evolution and mortar peeling on the
surface of the sample, which makes the quality loss more
obvious.

3.3. Relative Dynamic Modulus of Elasticity. The change of
relative dynamic elastic modulus of recycled concrete under
freeze-thaw cycle is shown in Figure 4.

It can be seen from Figure 4 that the relative dynamic
elastic modulus of four groups of concrete gradually de-
creases with the increase of freeze-thaw cycles, but the
decline speed of Q20, Q40, and Q60 is significantly greater
than that of QO, which indicates that the addition of recycled
coarse aggregate reduces the frost resistance of concrete, and
the addition of different recycled coarse aggregates also has a
great impact on its frost resistance. :Among them,the relative
dynamic elastic modulus of Q60 group decreased the fastest,



6
1.0 %
S
% §l<. —pn
L —~e —E—a_

07 N\, N "~
g \ \’\ \
Lﬁ% 0.8 | e
o

J N

0.6 |- * A

1
0 50 100 150 200 250 300

Freeze-thaw cycle (times)

-m— Q0
-0— Q20

—A- Q40
—*— Q60

FIGURE 4: Relative dynamic elastic modulus.

while that of Q20 group and Q40 group decreased slowly.
After 300 freeze-thaw cycles, the relative dynamic elastic
modulus of the Q0 group changed little, only 17% was lost,
and the specimens did not reach the freeze-thaw failure,
while the relative dynamic elastic modulus of Q20 and Q40
groups decreased to 58.1% and 57.9%, lower than 60%,
reaching the freeze-thaw failure condition. After 175 cycles
of freeze-thaw, the relative dynamic modulus of elasticity of
Q60 is 51.1%, lower than 60%, reaching the condition of
freeze-thaw failure. It can be seen that the frost resistance of
Q20 and Q40 groups are similar. From the economic point
of view, the concrete with 40% recycled coarse aggregate is
the best.

3.4. Compressive Strength. The change rule of compressive
strength of recycled concrete with different replacement
rates of recycled coarse aggregate under freeze-thaw cycle is
shown in Figure 5.

It can be seen from Figure 5 that the compressive
strength of Q20, Q40, and Q60 groups is not significantly
lower than that of the Q0 group before freeze-thaw, and the
compressive strength of Q20 and Q40 groups is even higher
than that of the QO group. With the increase of freeze-thaw
cycles, the compressive strength of four groups of concrete
gradually decreased, and the loss rate of compressive
strength of Q20, Q40, and Q60 groups was significantly
higher than that of Q0. With the same freeze-thaw cycles, the
higher the replacement rate of recycled coarse aggregate, the
lower the strength and the higher the strength loss rate. The
reasons for the abovementioned phenomenon are as follows:
although the strength of recycled coarse aggregate is lower
than that of natural stone [25], the water absorption of
recycled coarse aggregate is higher, the water cement ratio
between aggregate and mortar interface is lower, and the
density of cement slurry around recycled coarse aggregate is
higher. Therefore, before the freeze-thaw cycle, the overall
strength of the specimen did not decrease significantly. With
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the increase of freeze-thaw cycles, the damage accumulated
and the compressive strength decreased.

3.5. Water Absorption Performance. According to the test
results and the change of the mass of the concrete specimen
in a certain time (¢), the cumulative water absorption I (mm)
on the unit cross-sectional area can be obtained by using the
following formula:

m,

I= Ap (4)
where m;, is the mass difference before and after water ab-
sorption of the specimen (g); A is the contact area between
the specimen and water (mm?); and p is the density of water
(g/mm’). When the hydration reaction is neglected, the
cumulative water absorption of one-dimensional capillary
water absorbing concrete in a certain period of time is [26]

I=8Vt +b, (5)

where S is the water absorption rate of porous material in
contact with water, which is obtained by linear fitting of the
cumulative water absorption curve, and b is the intercept on
the number axis of the curve, which is caused by the rapid
filling of the instantaneous capillary pores on the surface of
the specimen in contact with water.

3.5.1. Cumulative Water Absorption Curve. After 0, 25, 50,
and 75 times freeze-thaw, the water absorption of the RAC
specimen was measured, and the water absorption of the
RAC specimen in a certain period of time was obtained.
Under the action of freeze-thaw cycle, the cumulative water
absorption of recycled concrete specimens with different
replacement rates of recycled coarse aggregate changes with
the square root of time as shown in Figure 6.

It can be seen from Figure 6 that the cumulative water
absorption process of concrete increases nonlinearly with
the square root of time and increases rapidly in the
early stage (T"/?=0-147s) and slowly in the middle stage
(T"*=147-5185s) and tends to be gentle until equilibrium
in the later stage (T"?=518-831s). Under the same freeze-
thaw environment, the water absorption of recycled concrete
is significantly higher than that of ordinary concrete, and the
cumulative water absorption is positively related to the
replacement rate of recycled coarse aggregate. In the three
stages, the cumulative water absorption increased linearly,
but the growth rate decreased gradually, showing that the
initial capillary water absorption rate was faster, the middle
capillary water absorption rate was slower, and the later
capillary water absorption rate was basically unchanged.
This is due to the capillary water absorption of concrete at
the initial stage, which makes the gap between the bottom
and the water contact area absorb water rapidly, and the
water quickly fills the internal connection gap of concrete.
With the extension of water absorption time, the depth of
water absorption increases, the surface concrete gradually
reaches the water saturation, the internal concrete keeps dry,
and the water invades continuously through the internal and
external humidity gradient, but the capillary adsorption
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FIGURE 5: (a) Compressive strength. (b) Loss rate of compressive strength.

force decreases gradually, and the water absorption rate
slows down. It can be seen from Figure 6(d) that the ac-
cumulated water absorption of Q20 is more than that of Q40
at 75 freeze-thaw cycles, which is caused by the small
number of samples, the small size of test pieces, and the
uneven distribution of coarse aggregate. The cumulative
water absorption of recycled concrete with the same re-
placement rate of recycled coarse aggregate increases with
the increase of freeze-thaw cycles.

3.5.2. Relationship between Capillary Water Absorption and
Freeze-Thaw Cycle Times. According to the relation curve in
Figure 6, the initial water absorption, secondary water ab-
sorption, and later water absorption of each group of test
pieces can be obtained by fitting formula (5) [10]. Figure 7
shows the change rule of capillary water absorption with the
number of freeze-thaw cycles, in which §; is the initial
capillary water absorption, Sg is the secondary capillary
water absorption, and Sp is the later capillary water
absorption.

Figure 7(a) shows that with the increase of freeze-thaw
cycles, the initial capillary water absorption of recycled
concrete increases, and the larger the replacement rate of
recycled coarse aggregate is, the faster the initial capillary
water absorption of recycled concrete increases. The trend of
change of initial capillary water absorption of Q20, Q40, and
Q60 is basically the same. When the freeze-thaw cycle is 75
times, compared with that before the freeze-thaw cycle, the
initial capillary water absorption of the three is basically the
same. The maximum increase of water rate is three times. It
can be seen that the internal damage of concrete caused by
freeze-thaw cycle significantly increases the initial capillary
water absorption of recycled concrete. Under the number of
freeze-thaw cycles in this test, the initial capillary water

absorption of ordinary concrete has no significant effect on
the freeze-thaw cycle.

It can be seen from Figure 7(b) that the change rule of
secondary capillary water absorption of recycled concrete is
completely different from that of ordinary concrete. The
secondary capillary water absorption of recycled concrete is
negatively related to the number of freeze-thaw cycles, while
the secondary capillary water absorption of ordinary con-
crete is positively related to the number of freeze-thaw
cycles. Before the freeze-thaw cycle, the secondary capillary
water absorption of Q60 is smaller than that of Q20 and Q40.
This is because the internal structure of Q60 has not been
damaged, and its initial capillary water absorption is large,
which makes the secondary capillary water absorption de-
crease. With the increase of freeze-thaw cycle times, the
second capillary water absorption decreased in the form of
quadratic curve. The second capillary water absorption of
Q20, Q40, and Q60 decreased 86.7%, 77.8%, and 70.9%,
respectively, when the freeze-thaw cycle was 75 times than
when the freeze-thaw cycle was not. The second capillary
water absorption of Q60 decreased less than that of Q20 and
Q40, indicating that the larger the replacement rate of
recycled coarse aggregate, the more the water absorption.
For QO, with the increase of freeze-thaw cycle times, the
second capillary water absorption increases linearly. When
the freeze-thaw cycle is 75 times, the capillary water ab-
sorption increases 73.6% compared with that without freeze-
thaw cycle. After 50 freeze-thaw cycles, the second capillary
water absorption of QO is greater than Q20, Q40, and Q60,
which shows that the second capillary water absorption of
QO has a strong effect on the freeze-thaw cycle.

It can be seen from Figure 7(c) that when the number of
freeze-thaw cycles is small, the capillary water absorption of
Q0, Q20, Q40, and Q60 increases slightly in the later period.
When the number of freeze-thaw cycles reaches a certain
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F1GURE 6: The curve of cumulative water absorption with the square root of time. (a) Freeze-thaw cycles of 0. (b) Freeze-thaw cycles of 25. (¢)

Freeze-thaw cycles of 50. (d) Freeze-thaw cycles of 75.

number, the capillary water absorption of the four groups of
test pieces suddenly decreases in the later period and then
tends to be stable. For Q20, Q40, and Q60, when the number
of freeze-thaw cycles is 25, the capillary water absorption will
increase slightly in the later period, and then it begins to
decrease. When the freeze-thaw cycle reaches 50 times, the
capillary water absorption at the later stage is basically
unchanged, and the curve tends to be gentle; for Q0, when
the freeze-thaw cycle reaches 50 times, the capillary water
absorption at the later stage gradually increases. After that, it
began to decline. It is predicted that the capillary water
absorption rate of QO will not change with the increase of
freeze-thaw cycle times in the later period, and the curve will
tend to be gentle. It can be seen that the capillary water
absorption rate in the later period can be used as an index to

evaluate the service life of concrete. From the above-
mentioned analysis, it can be seen that the freeze-thaw cycle
has a significant impact on the capillary water absorption
performance of recycled concrete, as shown in its initial
stage. The capillary water absorption increases greatly, and
with the increase of freeze-thaw cycle times, the initial
capillary water absorption will become larger and larger,
which will make the recycled concrete suffer a large number
of water and aggressive media (such as chloride and sulfate)
invasion in a short time, thus aggravating the deterioration
and damage.

3.5.3. Relationship between Initial Capillary Water Absorp-
tion and Freeze-Thaw Damage. In this paper, the relative
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FiGure 7: Change of capillary water absorption with freeze-thaw cycle. (a) Initial water absorption. (b) Secondary water absorption. (c) Late

water absorption.

dynamic elastic modulus of recycled concrete with different
replacement rates of recycled coarse aggregate in freeze-thaw
environment is taken as the damage variable, the ratio of
initial capillary water absorption to relative dynamic elastic
modulus (S;/E,) is used to analyze the frost resistance of
recycled concrete specimens, and the relationship curve
between Sy/E, and the number of freeze-thaw cycles is
established, as shown in Figure 8. The expression of the
freeze-thaw damage value under freeze-thaw cycle is as
follows:

=1--2 (6)

where D, is the damage value of recycled concrete under
different freeze-thaw cycles; E,, is the relative dynamic elastic
modulus of recycled concrete under different freeze-thaw
cycles; E; is the relative dynamic elastic modulus of recycled
concrete before freeze-thaw; and # is the number of freeze-
thaw cycles.

It can be seen from Figure 8 that with the increase of
freeze-thaw cycles, S/E, increases continuously, and the Sy/
E, growth rate of recycled concrete is faster than that of
ordinary concrete. When QO0, Q20, Q40, and Q60 were
frozen and thawed 75 times, Sy/E, increased 1.2, 3.5, 4.1, and
5 times than that of unfrozen S)/E,, respectively. It can be
seen that the freeze-thaw cycle has a great influence on the
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FIGURE 8: Variation of S/E, with freeze-thaw cycles.

Si/E, of recycled concrete, and the more the number of
freeze-thaw cycles, the greater the S;/E,, the greater the initial
capillary water absorption, the smaller the relative dynamic
elastic modulus, and the worse the frost resistance.

4. Establishment of Prediction Model of Initial
Capillary Water Absorption of RAC in Freeze-
Thaw Environment

Because the initial capillary water absorption can reflect the
capillary water absorption of concrete under freeze-thaw
damage, the prediction model of the initial capillary water
absorption of recycled concrete under freeze-thaw envi-
ronment is considered. Taking the freeze-thaw failure and
recycled coarse aggregate content as variables, the freeze-
thaw failure characteristics of recycled concrete are
established.

Basic assumptions: (1) the water absorption process is
one-dimensional, without considering the influence of
chemical reaction, evaporation, and other factors after each
group of materials encounter water; (2) the recycled concrete
specimen is initially in a completely dry state, and the
boundary conditions are stable during the water absorption
process; (3) the initial capillary water absorption is only a
function of the number of freeze-thaw cycles, without
considering the temperature of freeze-thaw cycles and the
impact of external environmental conditions; (4) with the
increase of freeze-thaw cycles, the initial capillary water
absorption increased, and all of them were positive.

The basic form of the prediction model of the initial
capillary water absorption of recycled concrete refers to the
relationship curve between the initial capillary water ab-
sorption and the number of freeze-thaw cycles in
Figure 7(a). Through various forms of fitting, it is found that
the changes of the initial capillary water absorption and the
number of freeze-thaw cycles of recycled concrete follow the
exponential distribution. Therefore, the basic form of the
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TABLE 6: Parameter fitting.

Signs A B R?

Qo 1.28 0.31 0.999
Q20 0.14 0.004 0.954
Q40 0.15 0.004 0.951
Q60 0.05 0.012 0.969

TaBLE 7: Comparison between the trial value and calculated value.

Number of freeze-thaw cycles (times)

0 25 50 75
Trial value (TA) 0.0249 0.0334 0.0652 0.0783
Calculated value (CA) 0.0242 0.0351 0.0663 0.0801
TA/CA 1.029 0.952 0.983 0.977

prediction model of the initial capillary water absorption of
recycled concrete under the freeze-thaw environment is
established. The form is

S, = Ax BV, (7)

where §; is the initial capillary water absorption; A and B are
the influence coefficients of the replacement rate of recycled
coarse aggregate; N is the number of freeze-thaw cycles; and
R? is the regression coefficient. The fitting parameters are
shown in Table 6.

4.1. Establishment of Prediction Model. According to the test
data, the regression analysis of the initial capillary water
absorption of Q20 and Q60 samples under the freeze-thaw
environment is carried out, and the relationship between the
influence coeflicient of the replacement rate of recycled
coarse aggregate and the replacement rate of recycled coarse
aggregate is obtained as follows:

A=118xe 1,
(8)

B=0.3xe 0%

where p is the replacement rate of recycled coarse aggregate
and pu#0.

According to the abovementioned analysis, substituting
A and B into formula (6), the prediction model of the initial
capillary water absorption of recycled concrete in freeze-
thaw environment can be obtained as follows:
N

(9)

;=118 xe " x(0.3x ¢ 1)

4.2. Validation of Prediction Model. According to the test
results, the test data of the Q40 specimen is used to verify the
prediction model of initial capillary water absorption
established in this paper. The test value of Q40 initial
capillary water absorption and the calculated value of the
prediction model under different freeze-thaw environments
are shown in Table 7, and the relationship between the test
value and the calculated value of the prediction model is
shown in Figure 9.
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The average value of the ratio of the initial capillary water
absorption test value of the Q40 group to the calculated value
of the model is 0.98525, and the standard deviation is 0.007.
It can be seen from Table 6 that the prediction model has
high accuracy.

5. Conclusion

(1) With the increase of freeze-thaw cycles, the frost
resistance of recycled concrete decreases gradually,
but the decreasing range is different. The content of
recycled coarse aggregate also has a great influence
on the frost resistance of concrete. The frost resis-
tance of concrete with 20% recycled coarse aggregate
and 40% recycled coarse aggregate is very similar.
From the economic point of view, the concrete with
40% recycled coarse aggregate is the best.

(2) The cumulative water absorption curve of recycled
concrete and ordinary concrete increases linearly in
three stages, but the change trend of the initial
capillary water absorption curve is not the same.
With the increase of freeze-thaw cycles, the initial
capillary water absorption curve of recycled concrete
and ordinary concrete increases in the form of a first-
order function; the secondary capillary water ab-
sorption curve of recycled concrete decreases in a
second-order function, while the secondary capillary
water absorption curve of ordinary concrete rises in a
first-order function; the later capillary water ab-
sorption curve of recycled concrete and ordinary
concrete first rises steadily. After rising, it suddenly
dropped and finally stabilized.

(3) The capillary water absorption capacity of recycled
concrete is better than that of ordinary concrete. In
the same freeze-thaw environment, the cumulative
water absorption and initial capillary water ab-
sorption of recycled concrete are greater than that of

11

ordinary concrete. Therefore, the influence of freeze-
thaw environment on the durability of recycled
concrete should be fully considered in a cold area.

(4) With the same replacement rate of recycled coarse
aggregate, the more the freeze-thaw cycles, the
stronger the capillary water absorption performance
of recycled concrete. This is because the freeze-thaw
cycle aggravates the damage of recycled concrete and
then increases the initial capillary water absorption
of recycled concrete.

(5) According to the test results, the prediction model of
water absorption of recycled concrete in the early
stage of freeze-thaw damage was established with the
replacement rate of recycled coarse bone and freeze-
thaw damage as variables. The experimental results
are in good agreement with the model results, which
can provide a reference for the study of frost re-
sistance of recycled concrete.
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