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Abstract: Freeze—thaw damage and the lack of aggregate
resources have become two major problems facing the
construction industry. The use of recycled aggregate to
produce recycled concrete has good social and economic
value. In this study, the author used recycled coarse
aggregate as a substitute for stone to mix recycled con-
crete. In order to enhance the performance of concrete, a
microwave heating modification process was introduced
and 0.10% volume fraction of polypropylene fiber (PPF)
was added. The effect of microwave heating modification
on the frost resistance of fiber-reinforced self-compacting
recycled concrete was studied. The results show that with
the increase in the number of freeze—thaw cycles, the
degree of denudation and deterioration of the three groups
of concrete surfaces becomes more and more serious, the
number of surface cracks gradually increases after the
concrete is damaged, and the plastic deformation becomes
more and more serious, W, gradually increases, E,, gradu-
ally increases, D,, gradually increases, g, gradually decreases,
&o gradually increases, €, gradually increases, E. gradually
decreases, and pu gradually decreases. Under the same
number of freeze—thaw cycles, the frost resistance of the
three groups of concrete is A > C > B. Microwave heating
modification improved the frost resistance of group C con-
crete compared to that of group B concrete. Due to the
incorporation of PPF into the concrete, the load did not
drop sharply when the load acting on the concrete reached
the failure load. The prediction results of the established
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constitutive model are in good agreement with the experi-
mental results.
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1 Introduction

As an indispensable material for building concrete, sand,
and gravel, its reserves and quality affect urban construc-
tion and social and economic development. The over-
mining of sand and gravel has caused the depletion of
aggregates and caused serious damage to the natural
environment [1,2]. With the development concept of global
carbon emission reduction increasingly accepted by people,
the use of construction waste for production and construc-
tion will become the trend of low-carbon development of
building materials in the future [3-5].

For concrete buildings in cold areas, antifreeze per-
formance is very important, which determines the safe
use and long-term work performance of concrete buildings.
Recycled coarse aggregate (RCA) obtained from waste con-
crete after crushing, screening, and grading can be used
to mix recycled concrete. Due to the existence of new
mortar—NCA, old mortar—-NCA and old mortar—-new mortar
interfaces, recycled concrete suffers more serious damage
when faced with freeze—thaw damage. In order to improve
the performance of recycled concrete, many scholars have
conducted a lot of research [6-8]. Polypropylene fiber (PPF)
has a low price, lightweight, good ductility and durability,
and stable chemical and physical properties [9,10]. PPF has
been applied in many professional fields [11-13]. Adding
appropriate PPF to concrete can improve its mechanical
and durability properties [14,15].

Compared with NCA, the RCA interfacial transition
zone has a large amount of old mortar attached, which
negatively affects the performance of recycled concrete.
Stripping old mortar from the interfacial transition zone
of RCA becomes a key consideration for the recovery of
high-quality recycled aggregate [5,6,16]. Although the
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old mortar on the surface of RCA and the NCA inside of
RCA are dielectric materials, their electromagnetic char-
acteristics are quite different. Using a microwave heating
modification process to heat RCA can achieve rapid and
instantaneous selective heating of multiphase materials,
to promote the stripping of old mortar from the interfacial
transition zone of aggregate. Unlike traditional heating
methods, microwave heating offers a unique heating
method. Microwave technology has been extensively stu-
died in the fields of electronics and machinery [17-20],
but research into improving the quality of RCA is still in
the exploratory stage.

In order to obtain concrete with both high perfor-
mance and high durability, Okamura first proposed the
concept of self-compacting concrete in 1986 [21]. Self-com-
pacting concrete has the advantages of low water-binder
ratio, high sand ratio, high fluidity, high performance,
and no vibration. Self-compacting concrete is a high-
performance concrete that can improve the performance
of concrete, reduce the construction time, and reduce
the overall cost of the project. Even if the formwork
contains dense reinforcement or has complex shapes, self-
compacted concrete can quickly fill every corner of the
formwork. Therefore, self-compacting concrete is widely
used in precast concrete members, drilling shafts, and
noise-limiting places [22]. Self-compacting recycled con-
crete uses all or part of the recycled aggregate to replace
natural sand and gravel, which can achieve the recycling
and reuse of waste concrete. Self-compacting recycled
concrete not only meets many advantages of self-com-
pacting concrete but also has the characteristics of green
environmental protection and saving natural resources,
which can bring higher social and economic benefits to
the construction industry.

In this study, the author replaced NCA with RCA obtained
from the multi-process treatment of waste concrete pavement
in Ningxia and carried out the mix design according to self-
compacting concrete. In order to enhance the performance of
concrete, the microwave heating modification process was
introduced and 0.10% volume fraction PPF was added to

Table 1: Coarse aggregate performance indicators
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the concrete, and the recycled concrete was configured with
a 50%RCA replacement rate and other mass instead of NCA.
The effects of the microwave modification process and the
freeze—thaw cycle on the freeze—thaw resistance of polypro-
pvlene fiber reinforced self-compacting recycled concrete
have been studied by the rapid freeze-thaw process.

2 Test design

2.1 Test raw materials

The cement is Ningxia Saima brand 42.5 R ordinary Portland
cement. The fly ash is class I ash produced by Ningxia Jintai
Company. NCA is the crushed stone produced by Yinchuan
Lanshan Sand and Gravel Factory. RCA is the crushed stone
obtained from C30 strength abandoned pavement slab con-
crete after multiple processes such as crushing, screening,
and grading. Part of the RCA will be modified by microwave
heating. Section 2.2 shows the specific implementation steps
of microwave heating to modify RCA. The performance
indexes of coarse aggregate are shown in Table 1. The
sand is washed medium sand produced by Yinchuan Lan-
shan Sand and Stone Factory. The test water was urban tap
water. PPF is a product of Shanghai Yingjia Co., Ltd. The
water-reducing agent is a standard HWR-S polycarboxylate
superplasticizer (powder) produced by Beijing Muhu Com-
pany, with a water-reducing rate of about 20%. The appear-
ance of coarse aggregate and PPF is shown in Figure 1. The
particle size distribution of coarse aggregate, sand, cement
and fly ash is shown in Figure 2.

2.2 RCA modified by microwave heating

Although the old mortar on the surface of the RCA and
the NCA inside are both dielectric materials, the electro-
magnetic properties of the two are quite different. When

Type Particle size Apparent Bulk Void Moisture Water Crush
range (mm) density (kg-m~3) density ratio (%) content (%) absorption (%) index (%)
(kg-m~)
NCA 5-20 2,708 1,496 44.76 0.37 0.74 8.8
RCA 5-20 2,613 1,310 49.87 1.7 4.15 12.0
RCA-20 5-20 2,655 1,360 48.66 1.05 4.07 10.1

Note: RCA-20 — Perform 20 times the microwave heating modification treatment on RCA.
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Figure 1: Appearance of coarse aggregate and PPF: (a) NCA, (b) RCA, (c) RCA-20, and (d) PPF.
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Figure 2: Particle size distribution of coarse aggregate, sand,
cement, and fly ash.

RCA is heated by microwave instantaneously, the tem-
perature of the surface old mortar will rise rapidly, while
the temperature of the internal NCA will rise slowly,
resulting in a rapid temperature gradient stress between
the old mortar and NCA. When the old mortar is in a high-
temperature state, the C-S—H and C-A-H gels in the old
mortar will be dehydrated quickly, and Ca(OH), will like-
wise be decomposed into less stable CaO. At this time, the
strength of the old mortar is weak and it is easy to break
and peel from the surface of the NCA when subjected to
an external force. In addition, the water vapor formed by
the water in the aggregate during heating will exert a
certain pore pressure on the RCA. These internal stresses
will weaken the bond strength of the old mortar—-NCA
interface and eventually lead to the peeling of the old
mortar. After heating, the RCA was placed in water and
shaken to cool. At this time, due to the rapid cooling of
the old mortar and the slow cooling of NCA, secondary
temperature gradient stress will be generated between
the old mortar and NCA, thus accelerating the peeling
of the old mortar.

Frost resistance of fiber-reinforced self-compacting recycled concrete
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The microwave heating modification instrument is

a household mechanical microwave oven. The specific

implementation process is as follows:

1) The RCA was placed in a plastic box and heated in a
microwave oven for 5min, and the power was set
to 800 W.

2) Use a dense mesh sieve to soak the RCA in water and
shake it for 1 min.

3) Repeat the operation Steps (1) and (2) 20 times, take
out the RCA and let it dry until the surface is dry, and
then use it for mixing concrete as soon as possible.

2.3 Experimental design

According to previous studies, adding an air entraining
agent to concrete can improve frost resistance, but it will
reduce its strength [23]. Adding 0.10% PPF to concrete
can increase the strength and frost resistance of concrete
at the same time [14,15]. According to the self-compacting
concrete design mix ratio [24], the water binder ratio of
concrete is 0.41, the substitution rate of fly ash is 25%, the
sand rate is 49%, the content of PPF is 0.10%, the content
of water reducing agent is 0.10%, the filling performance
grade is SF3, and the strength grade is C30. The size of the
concrete specimen is 100 mm x 100 mm x 300 mm. The
concrete mix ratio design is shown in Table 2.

2.3.1 Freeze-thaw cycle test

The freeze—thaw instrument is the HDK-3 concrete rapid
freeze—thaw test machine produced by the China Academy
of Building Research. After curing the concrete for 24 days,
the concrete is immersed in water with a temperature of
20 + 2°C and a water surface 20-30 mm higher than the
concrete for 4 days [25]. The concrete is taken out and
wiped the surface, swiftly measured the initial mass, initial
ultrasonic wave speed and initial dynamic elastic modulus
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Table 2: Mix ratio design
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No RCA replacement rate (%) Material consumption per unit volume (kg-m~)
Water Cement Flyash NCA RCA Sand PPF  Water reducer
A 0 202 361 120 851 0 816 1.30 0.241
B 50 202 361 120 4255 4255 816 1.30 0.251
C 50 202 361 120 4255  425.5 (20 times microwave) 816 1.30 0.251

of the concrete, and then put the concrete into the freeze—
thaw machine for freeze—thaw cycle test. During the test,
the concrete core temperature was —17 to 5°C, and the time
of one freeze—thaw cycle was about 4 h [25]. The working
diagram of the freezing and thawing test machine is shown
in Figure 3. When the number of freeze-thaw cycles
attained 0, 25, 50, 75, 100, and 125, the mass, ultrasonic
wave velocity, and dynamic elastic modulus of the con-
crete were measured before the uniaxial compressive test
of the concrete.

2.3.2 Dynamic elastic modulus and mass measurement

The dynamic elastic modulus measuring instrument is
the DT-20 dynamic elastic modulus measuring instru-
ment produced by Jinan Langrui Company. The induc-
tance and maximum range of the electronic scale used
to measure the quality of concrete are 1 g and 30 kg. After
the concrete quality measurement is completed, the con-
crete is placed on the foam plastic board with a thickness
of more than 20 mm with the pouring side facing up.

Before testing the dynamic elastic modulus, a layer of
medical alum was evenly spread on the contact surface
between the probe and the concrete as a coupling medium.
The diagram of the dynamic elastic modulus test is illu-
strated in Figure 4.

The formula for computing the mass loss rate is
shown in formula (1) [25]:

anzl—&’
Go

n =0, 25,50, 75, 100, 125. 1)
Among them: W, is the mass loss rate; G, is the initial
mass, in kg; G, is the mass of concrete after n freeze—
thaw cycles, in kg.
The calculation formula of the damage value of dynamic
elastic modulus is shown in formula (2) [25]:

Enzl__,

do

n=0,25,50,75100,125.  (2)

Among them: E, is the damage value of the dynamic
elastic modulus; Eq4 is the initial dynamic elastic mod-
ulus, in MPa; Ejy, is the dynamic elastic modulus of con-
crete after n freeze—thaw cycles, in MPa.
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Figure 3: Working diagram of concrete rapid freeze-thaw testing machine: (a) internal arrangement of the freeze-thaw machine;

(b) temperature control curve of the freeze-thaw machine.
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Figure 4: Dynamic elastic modulus test: (a) actual operation diagram, (b) layout of measuring points, and (c) front view of the survey point.

2.3.3 Ultrasonic wave velocity measurement

The ultrasonic wave velocity measuring instrument is the
DJUS-05 non-metal ultrasonic instrument produced by
Beijing Dadi Company. Before measuring the ultrasonic
wave speed, a layer of medical alum is evenly applied to
the receiver and the measuring point as a coupling
medium. The ultrasonic wave velocity measurement dia-
gram is illustrated in Figure 5.

The calculation formula of ultrasonic wave velocity
damage value is shown in formula (3) [26]:
Dg,

7
do

D,=1- n =0, 25, 50, 75, 100, 125. 3)

Among them, D, is the ultrasonic wave velocity
damage value; Dy is the initial ultrasonic wave velocity,
in km-s™; and Dy, is the ultrasonic wave velocity of con-

crete after n freeze—thaw cycles, in km-s.

2.3.4 Axial compression test

The test loading instrument is the SHT4106 microcomputer-
controlled electrohydraulic servo universal testing machine

produced by Meters with a maximum load of 1,000 kN and
accuracy of 0.001N. The loading method of the testing
machine is stress loading, the loading rate for measuring
elastic modulus and Poisson’s ratio is 0.05MPa-s™, and
the loading rate for measuring axial compressive strength
and stress—strain data is 0.5 MPa-s . The data acquisition
instrument is the JM3813 multifunctional static strain gauge
produced by Yangzhou Jingming Company, with a resolu-
tion of 0.5 e, a range of + 15,000 pe, and a measurement
accuracy of + 0.2% FS + 1pe. The data collection mode of
the strain gauge is timed collection, and the time interval of
the timed collection is 1s. The displacement sensor is a
5G101 displacement sensor produced by Jiangsu Donghua
Company, with a sensitivity of 90 pemm™, a range of
60 mm, and an accuracy of 0.3% FS. The strain gauge is a
BX series product produced by Zhejiang Huangyan Testing
Instrument Factory, with a resistance of 120 Q and a sensi-
tivity coefficient of 2.08%. The length of the axial strain
gauge is 100 mm, and the length of the transverse strain
gauge is 50 mm, which are placed in a “+” shape. The dia-
gram of the axial compression test is shown in Figure 6.
When the concrete surface is severely harmed, epoxy resin
is applied to the concrete surface where the strain gauges are
attached to make the concrete surface flat.

N - S

‘ Pouring surface

L

] | N .
Lo | 8
3 : N
N Nt e
7 [ o / N\

7 QQ AN
300 mm o 100 mm

(b)

(©)

Figure 5: Ultrasonic wave velocity measurement: (a) actual operation diagram, (b) layout of measuring points, and (c) front view of the

survey point.
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Figure 6: Diagram of an axial compression test: (a) actual loading diagram, (b) instrument layout diagram, and (c) loading diagram.

3 Test results and analysis

3.1 Apparent characteristics

By observing the apparent characteristics of concrete, its
frost resistance can be directly reflected. Figure 7 shows
the apparent characteristics of concrete before and after
freezing and thawing. Figure 7 shows that when the con-
crete is not frozen and thawed, the surfaces of the three
concrete groups are smooth and flat without damage and
without exposed aggregates. After 50 freeze—thaw cycles,
a small part of the mortar was eroded on the concrete
surface, forming a small number of micro-holes and
micro-cracks, but the integrity was comparatively intact.
After 125 freeze—thaw cycles, a large area of dense holes
appeared on the concrete surface. At this time, part of
the mortar on the concrete surface appears to peel off,
exposing the coarse aggregate. Under the same free-
ze—thaw cycle times, the surface erosion deterioration
degree of group B concrete mixed with RCA is the most

serious, and the surface erosion deterioration degree of
group C concrete modified by microwave is between
group A concrete and group C concrete.

3.2 Quality loss

Figure 8 is a graph showing the relationship between W,
and the number of freeze-thaw cycles. It can be seen
from Figure 8 that with the increase in the number of
freeze—thaw cycles, the W, of the concrete in group A
continued to increase, and the W, of the concrete in
groups B and C showed a trend of initial negative growth
and then continuous positive growth before and after 50
freeze-thaw cycles. Compared with NCA, RCA has a
higher water absorption capacity. After the concrete has
undergone 50 freeze—thaw cycles, the mortar and aggre-
gate on the concrete surface are less peeled, and the
concrete absorbs a lot of water to increase its weight
[27]. After the number of freeze-thaw cycles exceeds

(a) (b)

(©

Figure 7: Appearance characteristics of concrete before and after freezing and thawing: (a) 0 time, (b) 50 time, and (c) 125 time.
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Figure 8: Relationship between W, and freeze-thaw cycles.

50, the mortar and aggregates on the concrete surface
begin to peel off a lot, and the quality of the peeling is
greater than the quality of water absorption so that the
W, of the concrete progressively increases. Within 125
freeze—thaw cycles, the W, of the three concrete groups
was small, less than 0.75%, which was related to the
hydrophobicity of PPF. Incorporating PPF into concrete
can hinder the penetration of water inside the matrix,
decrease the osmotic pressure, evenly alleviate the internal
stress caused by the temperature change of the concrete
during the freezing and thawing process, and limit the
expansion and contraction of the concrete, thereby enhan-
cing the frost resistance of the concrete. After 125 freeze—
thaw cycles, the order of W, of the three groups of con-
crete is B > C > A. The quality of the RCA used in group C
concrete is improved after microwave heating modifica-
tion treatment, which improves the frost resistance of
group C concrete.

3.3 Loss of dynamic elastic modulus

Figure 9 is a graph showing the relationship between E,,
and the number of freeze—thaw cycles. It can be seen
from Figure 9 that E, slowly increases at 0-50 freeze—
thaw cycles and accelerates at 50-125 freeze—thaw cycles.
When the concrete is in a negative temperature state, its
internal tensile strength is not sufficient to withstand the
expansion pressure caused by the freezing of water,
which causes the concrete to be damaged. The degree
of concrete damage will continue to accumulate with
the increase in the number of freeze-thaw cycles, so
that E, slowly increases and the growth rate gradually
accelerates. It can be seen from Figure 9 that the E, of

Frost resistance of fiber-reinforced self-compacting recycled concrete
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Figure 9: Relationship between E, and freeze-thaw cycles.

the three groups of concrete increases slowly with the
increase in the number of freeze-thaw cycles, among
which group B has the fastest growth rate, group C
is the second, and group A is slower. It shows that RCA
decreases the frost resistance of concrete. Compared with
native aggregate concrete, recycled concrete has not only
the new mortar—stone interface but also the old mortar—
stone and old mortar-new mortar interfaces with poor
adhesion. The existence of a badly cohesive interface
makes the recycled concrete poor in frost resistance
when faced with freeze-thaw damage, which is shown
in Figure 9 as a rapid increase in E, of group B concrete.
The microwave heating modification therapy can play a
certain peeling effect on the mortar on the surface of the
RCA, thereby decreasing the interface area of the old
mortar-stone and the old mortar-new mortar, thereby
enhancing the quality of the aggregate and improving
the frost resistance of concrete. After 125 freeze—thaw
cycles, the E, of the three groups of concrete were all
less than 0.40, implying that the concrete was not damaged,
which was related to the incorporation of PPF into the con-
crete. The three-dimensional network structure formed by
PPF in the concrete matrix can bear part of the tensile stress
generated by the freeze-thaw cycle, which can limit the
expansion and contraction of the concrete and decrease
the freeze-thaw damage to the concrete. The relationship
between the E,, of concrete and the number of freeze—thaw
cycles follows a logarithmic function, as shown in equa-

tions (4)—(6):
A: E, = 1n(0.0027n + 0.986), R?=0.9288, (4)
B: E, = In(0.0036n + 0.9797), R?=0.9537, (5)

C: E, = In(0.003n + 0.9881), R?=10.955. (6)
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Figure 10: Relationship between D, and freeze-thaw cycles.

3.4 Ultrasonic wave velocity loss

Ultrasonic nondestructive testing is a nondestructive
testing method that indirectly evaluates the internal den-
sity of concrete by measuring the ultrasonic wave speed.
The denser the concrete is, the higher the wave speed. The
relationship between the measured D,, and the number of
freeze—thaw cycles is shown in Figure 10. It can be seen
from Figure 10 that as the number of freeze—thaw cycles
increases, D, increases accordingly. From O to 50 freeze—
thaw cycles, the D,, of concrete slowly increased. In 50-125
freeze—thaw cycles, the D, growth rate accelerated. After
125 freeze—-thaw cycles, the D,, of the three groups of con-
crete were all less than 0.33. The relationship between
the D,, of concrete and the number of freeze-thaw cycles
follows an exponential function, as shown in equa-
tions (7)-(9):

DE GRUYTER

A: D, = 0.5527 x e(®/3004767) _ 55  R?2 =0.9582, (7)

B: D, =-4.7304 x e(-n/1923.0843) 4 4, 7375~ R2=0.933, (8)

C: D, = 1.8564 x e(/857:8265) _ 18516, RZ = 0.9265. (9)

4 Uniaxial compression test results

4.1 Uniaxial compressive failure mode

Figure 11 shows the failure patterns of the three concrete
groups before and after freezing and thawing. It can be
seen from Figure 11 that with the increase in the number
of freeze—thaw cycles, the number of surface cracks pro-
gressively increases after the concrete is damaged, and
the plastic deformation tends to be severe. Under the
same number of freeze—thaw cycles, the plastic deforma-
tion of concrete in group B is the most severe, followed by
group C and the smallest in group A. It can be shown from
the observation and test that in the initial stage of
loading, there is no obvious crack on the concrete sur-
face, and the shape of the load-time curve rises in a
straight line. As the load continued to rise, short sloping
cracks started to appear at the bottom of the concrete, the
slope of the load-time curve began to decrease, and
the shape of the curve deviates from a straight line.
With the further increase in the load, when the load
exceeds the failure load, the small sloping cracks steadily
extend from both ends to the middle in a short time,
and gradually form through oblique cracks, thereby
destroying the concrete. During the loading process of
concrete, when the load reaches the failure load point,

Figure 11: Concrete failure form before and after freezing and thawing: (a) O time, (b) 50 time, and (c) 125 time.
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Table 3: Uniaxial compressive performance index

Frost resistance of fiber-reinforced self-compacting recycled concrete

No Index Freeze-thaw cycles (times)
(] 25 50 75 100 125
A 0o(MPa) 314 301 289 271 228 20.2
g (x107%) 215 227 2.48 2.7 3.2 3.78
£,(x1073) 494 499 471 532 672 7.54
E.(GPa) 21.66 17.71 15.41 1218 7.61 5.28
U 0.208 0.181 0.167 0.154 0.144 0.136
B o, (MPa) 277 25 245 235 20.2 18.4
g (x107%) 222 2.4 258 279 336 3.96
£,(x1073)  4.01 434 456 4.46 537  6.43
E.(GPa)  18.78 13.89 1117 9.04 7.09 4.78
U 0.203 0.177 0.154 0.146 0.141 0.131
C oo(MPa) 29.8 269 261 228 211 19
& (x107%) 219 234 252 271 332 391
£, (x107°) 3.94 421 453 477 577  6.64
E.(GPa)  19.54 13.62 13.56 9.41 6.75 4.87
u 0.204 0.181 0.159 0.148 0.137 0.129

the load does not decrease sharply due to the bridging
cracks and stress transfer of PPF. The uniaxial com-
pressive failure patterns of the three concrete groups
are comparable, which is a longitudinal splitting
failure, and the concrete retains good integrity after
failure.

4.2 Uniaxial compressive performance index
and analysis

The peak stress (0y), peak strain (&y), ultimate strain (&),
elastic modulus (E.), and Poisson’s ratio (i) of the three
groups of concrete are listed in Table 3.

Figure 12 shows the stress—strain curves of three
groups of concrete before and after freezing and thawing.
It can be seen from Figure 12 that the stress—strain curves
of the three concrete groups have similar development

— 719

laws. In the early loading stage, the rising section of
the curve presents a concave shape. When the stress is
between 30% and 80% of g, the shape of the curve rises
approximately linearly. As the stress increases, the slope
of the curve gradually becomes smaller. Then, the slope
of the curve begins to drop sharply, and when the stress
reaches 20-30% of o,, the curve turns almost horizontal.

Freeze-thaw erosion is a gradual process. During the
freeze—thaw cycle of concrete, the failure stress gener-
ated by the volume expansion and contraction of free
water in the capillary pores of the concrete makes the con-
crete structure loose and numerous micro-cracks appear.
With the increase in the number of freeze—thaw cycles,
the original micro-cracks will continue to generate and
evolve, and the damage will continue to accumulate, which
will steadily undermine the performance of concrete. In
the stress—strain curve, the concrete performance is wea-
kened as the tangent modulus of the initial point decreases
gradually, the slope of the ascending part of the curve
decreases and the concave part becomes obvious gradually,
the curve deviates from the vertical axis, o, decreases and
&o increases, the area surrounded by the curve and the
horizontal axis decreases, and the descending part of the
curve flattens gradually.

Figure 13 shows the comparison of the stress—strain
curves of the three concrete groups before and after
freezing and thawing. As can be seen from Figure 13,
under the same number of freezing—thawing cycles, the
size of g, of the three groups of concrete is in the order of
A > C > B; the order of g5 is B > C > A; the order of the area
enclosed by the stress—strain curve, and the horizontal
axisis A > C > B.

4.2.1 Peak stress

As shown in Table 3, as the number of freeze—thaw cycles
increases, the g, of the three groups of concretes steadily
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Figure 12: Stress—strain curves before and after freezing and thawing: (a) A; (b) B; and (c) C.
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Figure 13: Comparison of stress—strain curves before and after freezin

decreases. After 25, 50, 75, 100, and 125 freeze—thaw
cycles, the oy of group A concrete decreased by 4.14,
7.96, 13.69, 27.39, and 35.67%, respectively, compared to
before freezing. The g, of group B concrete decreased by
9.75, 11.55, 15.16, 27.08, and 33.57%, respectively. The o, of
group C concrete decreased by 9.73, 12.42, 23.49, 29.2, and
36.24%, respectively. Under the same number of freeze—
thaw cycles, the numerical order of the three groups of
concrete g, is A > C > B. The existence of new mortar—-NCA,
old mortar—NCA, and old mortar—new mortar interfaces in
reused concrete makes the internal occlusal force and
bonding strength of recycled concrete poor, which affects
the basic performance of concrete. It can be seen from
Table 3 that removing the old mortar on the surface of
the RCA through microwave heating can increase the o,
of recycled concrete.

Figure 14 shows the relative peak stress (Z—;’Z) of the

three groups of concrete as a function of the number of
freeze—thaw cycles. It can be seen from Figure 14 that ZL
00
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Figure 14: % Relationship with the number of freeze-thaw cycles.

g and thawing: (a) 0 time, (b) 50 time, and (c) 125 time.

of the three concrete groups decreases with the increase in
the number of freeze—thaw cycles. The relationship between

? and the number of freeze—thaw cycles conforms to a
00

linear function, as shown in equations (10)—(12):

A: Oon _ —-0.0029n + 1.0332, R? = 0.9304, (10)
Ooo

B: 2% — _0.0026n + 0.9978, R?=0.9439, (11)
0Ooo

C: 2o — _0.0029n + 0.9939, R? =0.9828. (12)

0Ooo

Among them: ? is the relative peak stress of con-
00

crete after n freeze—thaw cycles.

4.2.2 Peak strain

As shown in Table 3, the &, of the three concrete groups
increases with the increase in the number of freeze—thaw
cycles. After 25, 50, 75, 100, and 125 freezing cycles, the g,
of group A concrete increases by 5.58, 15.35, 25.58, 48.84,
and 75.81%, respectively, compared to before freezing.
The &, of group B concrete increased by 8.11, 16.22,
25.68, 51.35, and 78.38%, respectively. The &, of group
C concrete increased by 6.85, 15.07, 23.74, 51.6, and
78.54%, respectively. Under the same number of free-
ze—thaw cycles, the numerical order of the three groups
of concrete ¢, is roughly as follows: B > C > A. RCA has a
low elastic modulus and poor adhesion with new mortar.
Its surface mortar is porous, and there are also micro
cracks and holes inside. The concrete mixed with RCA
deforms greatly when subjected to external force, so the
&o of group B concrete is larger than that of group A
concrete. Microwave heating modification reduced the
amount of old mortar on the surface of RCA and increased
the point-to-point bonding ratio of the bonding surface
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between new mortar and aggregate, resulting in an increase
in bite force and bonding strength, and increased the com-
pactness of recycled concrete, resulting in a decrease in
&y of group C concrete compared with that of group B
concrete.

Figure 15 shows the relative peak strain (%’Z) of the

three groups of concrete as a function of the number of

freeze—thaw cycles. It can be seen from Figure 15 that ?
00

of the three concrete groups increases with the increase
in the number of freeze—thaw cycles. The relationship

between ? and the number of freeze-thaw cycles con-
00

forms to a linear function, as shown in equations (13)—(15):

A: 0 = 0.0059n + 0.9145, R? = 0.9035, (13)
€00

B: £ = 0.0061n + 0.9202, R?=0.8988, (14)
€00

C: £ = 0,0061n + 0.9104, R?=0.884.  (15)

€00
Among them, Zﬂ is the relative peak strain of con-
00

crete after n freeze—-thaw cycles.

4.2.3 Ultimate strain

According to the provisions of figure C.2.3 and annex
C.2.4 of the “Code for Design of Concrete Structures,” ¢,
takes the longitudinal strain corresponding to the stress
of the descending section of the stress—strain curve at
0.50¢ [28]. Figure 16 is a graph showing the relationship
between ¢, and the number of freeze—-thaw cycles. It can
be seen from Figure 16 that the g, of the three concrete

Frost resistance of fiber-reinforced self-compacting recycled concrete
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Figure 16: Relationship between g, and freeze-thaw cycles.

groups increases with the number of freeze—thaw cycles.
Compared with that before freeze—thaw, after 25, 50, 75,
100, and 125 freeze—thaw cycles, the &, of group A con-
crete increased by 1.01, —4.66, 7.69, 36.03, and 52.63%,
respectively. The g, of group B concrete increased by 8.23,
13.72, 11.22, 33.92, and 60.35%, respectively. The &, of
group C concrete increased by 6.85, 14.97, 21.07, 46.45,
and 68.53%, respectively. Under the same number of freeze—
thaw cycles, the g, size of the three groups of concrete is
roughly as follows: B > C > A. The weak interface inside
reused concrete makes recycled concrete brittle and less
ductile. It can be seen from Figure 16 that the microwave
heating modification has a certain influence on the recycled
concrete &,.

4.2.4 Elastic modulus

E. is one of the important assessment indicators reflecting
the internal force of concrete structures and the ability to
resist deformation and cracking. Figure 17 is a graph
showing the relationship between E. and the number of
freeze—thaw cycles. It can be seen from Figure 17 that the
E. of the three groups of concretes decreases with the
increase in the number of freeze-thaw cycles. Compared
with before freeze—thaw, after 25, 50, 75, 100, and 125 free-
ze—thaw cycles, the E. of concrete in group A decreased by
18.24, 28.86, 43.77, 64.87, and 75.62%, respectively. The E.
of group B concrete decreased by 26.3, 40.52, 51.86, 62.25,
and 74.55%, respectively. The E. of group C concrete
decreased by 30.3, 30.6, 51.84, 65.46, and 75.08%, respec-
tively. Under the same number of freeze—thaw cycles, the
order of E. values of the three groups of concrete is roughly
as follows: A > C > B.
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4.2.5 Poisson’s ratio

U is the same as E., and its size can reflect the internal
force of the concrete structure and the resistance to defor-
mation and crack. Figure 18 is a graph showing the rela-
tionship between u and the number of freeze—thaw cycles.
It can be seen from Figure 18 that the u of the three con-
crete groups decreases with the increase in the number of
freeze—thaw cycles. When not frozen and thawed, the y of
the three concrete groups is between 0.187 and 0.208.
Compared with before freeze—thaw, after 25, 50, 75, 100,
and 125 freeze—-thaw cycles, the u of concrete in group A
decreased by 12.98, 19.71, 25.96, 30.77, and 34.62%, respec-
tively. The u of group B concrete decreased by 12.81, 24.14,
28.08, 30.54, and 35.47%, respectively. The u of group C
concrete decreased by 11.27, 22.06, 27.45, 32.84, and

0.21

020 F
0.19
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0.16
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0.14
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Figure 18: Relationship between p and freeze-thaw cycles.
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36.76%, respectively. After 125 freeze—thaw cycles, the
u of the concrete was about 65% of that of the unfrozen
concrete. Under the same number of freeze—thaw cycles,
there is little difference in u of the three groups of con-
crete, and the size of y is roughly as follows: A > C > B.

4.3 Constitutive model

The concrete constitutive model is of great significance
for the theoretical analysis and structural design of con-
crete structures. At present, many scholars at home and
abroad have proposed constitutive models for the uni-
axial compressive stress relationship of concrete, such
as Guo [29], Bairagi et al. [30], and Topcu and Guncan
[31]. A reasonable model should not only have good agree-
ment with the test results, but also have simple form, con-
venient calculation, and few undetermined parameters.
The concrete axial pressure segmental constitutive model
proposed by Guo meets these requirements. By observing
Figures 12 and 13, it can be shown that the stress—strain
curve of reused concrete after freeze—thaw is similar to
that of ordinary concrete in overall shape. In view of
this, this article adopts the constitutive model proposed
by Guo to analyze the test results for simplicity. Guo
proposed the constitutive model as shown in formula
(16) [29]:

(16)

ax + (3 -2a)x*+(a-2x3 0<x<l1,
x[b(x — 1)2 + x]71, x =1

Among them y is the relative stress, y = 0/0,. x is the
relative strain, x =¢/&y. a and b are undetermined para-
meters for the ascending segment and descending seg-
ment, respectively. The value a is numerically the ratio of
the initial tangent modulus to the secant modulus at the
peak point, and the b value reflects the area enclosed by
the curve of the descending segment and the horizontal
axis. The smaller the a value or the larger the B value, the
smoother the curve, the smaller the area surrounded by
the curve and the horizontal axis, the smaller the elastic
deformation of concrete, the lower the residual strength,
and the slower the failure process [32].

After fitting analysis, the fitting graph of the stress—
strain curve before and after freezing and thawing is
obtained as shown in Figure 19, and the undetermined
parameters a and b of the stress—strain curve before and
after freezing and thawing are shown in Table 4. It can be
seen from Figure 19 that the fitting of the ascending seg-
ment of the curve is better and the fitting degree of the
descending segment is slightly worse. In Table 4, with the
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Figure 19: Stress—strain curve fitting before and after freezing and thawing: (a) 0 time, (b) 50 time, and (c) 125 time.

increase in the number of freeze-thaw cycles, the unde-
termined parameters of the fitting curves of the three
groups of concrete generally show that the value of para-
meter a decreases gradually, while the value of parameter
b increases gradually. Under the same number of freeze—
thaw cycles, the value of a is A > C > B, and the value of b
isB>C> A.

4.4 Relationship between peak stress and
dynamic elastic modulus

Figure 20 shows the fitting relationship curves of g, and
Eq, of the three concrete groups under different freeze—
thaw cycles. With the increase of Eg4,, 0o of the three
concrete groups increases gradually, and the relationship
between o, and Eg, is a linear function. The fitting for-

B: 0y = 1.3557Eg, + 5.1547,
C: 0y = 1.9918Ey, — 3.2813,

32

4 6 8 10
£/x10?
(c)
R?2 = 0.88, (18)
R? =0.9676. (19)

o A
°© B | |
30 T N o e S S S B
—_— z;&'s relationship c:urve 3 1 A
28 | "="=""B'srelafionship curve |/ P

6, /MPa

10 11 12 13 14 15 16 17
mulas are shown in equations (17)-(19): E,, /GPa
. g — _ 2 — 1
A: 0o = 216194, - 4.2861, R® = 0.8276, (17) Figure 20: Relationship g, with Egy,.
Table 4: Undetermined parameters a and b of stress—strain curves before and after freezing and thawing
Freeze—thaw cycles (times)
NO 0 25 50 75 100 125
Parameter a A 1.41 1.16 1.03 0.89 0.64 0.39
B 1.36 1.14 1.01 0.84 0.59 0.31
C 1.37 1.13 0.96 0.87 0.63 0.34
b A 1.57 1.63 1.83 2.15 2.05 2.11
B 2.56 2.87 3.2 3.56 3.62 3.72
C 2.41 2.74 2.86 3.3 3.43 3.6
Parameter correlation coefficient R a A 0.9908 0.9901 0.9792 0.9689 0.999 0.9846
B 0.9931 0.9907 0.9826 0.9906 0.9746 0.9809
C 0.9903 0.9949 0.9964 0.997 0.9932 0.9973
b A 0.9951 0.981 0.9881 0.9878 0.9746 0.9771
B 0.9912 0.9983 0.9949 0.9918 0.9887 0.9944
C 0.9964 0.9971 0.9941 0.9871 0.9869 0.9881
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4.5 Relationship between peak stress and
ultrasonic wave velocity

Figure 21 shows the fitting relationship curves of o, and
Dy, of the three concrete groups under different freeze—
thaw cycles. With the increase of Dy, 0o of the three
concrete groups gradually increases, and the relationship
between o, and Dy, has a good linear correlation. The
fitting formulas are shown in equations (20)—(22):

R? = 0.9657, (20)
(21)

A: 0p = 34.7116Dg,, — 100.5665,

B: 0y = 25.4045Dq, — 74.9793, R? = 0.9608,

C: 0p = 30.8997Dy, — 95.5045, R? =0.9591. (22)

5 Conclusions

1) As the number of freeze-thaw cycles increases, the
deterioration of the three groups of concrete surfaces
becomes more and more serious. After the concrete is
damaged, the number of surface cracks gradually increases,
the plastic deformation becomes more and more serious,
W, gradually increases, E,, gradually increases, D, gradually
increases, 0, gradually decreases, £, gradually increases, &,
gradually increases, E. gradually decreases, and u gradually
decreases.

2) Under the same number of freeze—thaw cycles, the
frost resistance of the three groups of concrete is A >
C > B. The old mortar on the surface of RCA was
removed by microwave heating, which increased the
percentage of point-to-point bonding between new
mortar and aggregate, and enhanced the compactness
and frost resistance of group C concrete.

DE GRUYTER

3) The presence of a 0.10% volume fraction of PPF in the
concrete makes the W, of the three groups of concrete
to be small. When the load acting on concrete is added
to the failure load, the load does not drop sharply.
Good integrity is retained when the concrete fails.

4) The prediction results of the established constitutive
model are in good agreement with the experimental
results.
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