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Abstract: Under the complex working conditions in cold areas, in order to achieve health monitoring
of engineering structures, carbon fiber and iron tailings sand were added to ordinary cement-based
materials to prepare cement-based piezoelectric composites, and the deterioration of their pressure-
sensitive properties and mechanical properties under the action of the sulfate-freeze-thaw cycle
was studied. Six groups of specimens and a set of benchmark specimens were prepared according
to different contents of carbon fiber and iron tailings sand, and the specimens of each group were
analyzed qualitatively and quantitatively after 50, 100, and 150 freeze-thaw cycles. Based on the
external damage analysis, it was concluded that with the increase in the number of freeze-thaw cycles,
the apparent morphology of the specimens in each group continued to deteriorate. After 150 freeze-
thaw cycles, the addition of a certain proportion of carbon fiber and iron tailings can improve the
compactness of cement-based composites, effectively inhibit the development of cracks, maintain the
integrity of the apparent morphology of the specimen, and the quality loss rate of the specimen does
not exceed 5%. Based on the internal damage analysis, it is concluded that the specimen mixed with
carbon fiber and iron tailings has undergone the freeze-thaw cycles, and its relative dynamic elastic
modulus generally shows a trend of first rising and then falling, and after 150 freeze-thaw cycles, the
relative dynamic elastic modulus of C04T30 specimen is 85.5%, and its compressive strength loss rate
is 20.2%, indicating that its freeze resistance is optimal. The compressive stress and resistivity change
rate of each group of cement-based piezoelectric composite specimens that have not undergone
freeze-thaw cycles are approximately consistent with the linear attenuation relationship. Those
that have undergone 150 freeze-thaw cycles approximately conform to the polynomial attenuation
relationship. The correlation coefficient between the compressive stress and the resistivity rate of
the change fitting curve are all above 0.9, and the correlation is high; therefore, the deterioration
of the structural mechanical properties after freeze-thaw cycles can be reflected by the resistivity
change rate. After 150 freeze-thaw cycles, the pressure sensitivity coefficient of the C04T30 specimen
is 0.007294, which has good pressure sensitivity. So, cement-based piezoelectric composite material
can be embedded as an impedance sensor to monitor the health of engineering structures.

Keywords: cement-based piezoelectric composites; relative dynamic elastic modulus; compressive
strength loss rate; resistivity change rate; pressure sensitivity coefficient

1. Introduction

With the increasing number of large and complex engineering structures, the damage
and failure of components and structures have attracted much attention, and structural
durability and health monitoring have become research hotspots in the field of engineering
structures [1]. The service environment of engineering structures in cold regions is complex.
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Considering the erosion of concrete by salt and freeze-thaw cycles, it is easy to cause
damage to the engineering structure and reduce the service life [2,3].

Through experiments, Zhou Le et al. [4,5] reported that carbon fiber as a superfine
fiber has a certain bridging effect. The cement-based composite material incorporating fiber
has improved flexural strength and fracture toughness, and has superior volume stability
and durability. It can improve the durability of the engineering structure. Researchers
mix conductive fibers into cement-based materials to prepare cement-based composites.
Because of its electrical conductivity, it can be used as strain sensors for concrete structures,
thereby realizing the health monitoring of concrete structures [6]. Iron tailings are mainly
composed of gangue minerals with stable structures, with high apparent density and bulk
density. The bonding of iron tailings and cement hydrate makes the structure dense and
meets the requirements of the preparation process of high-performance cement-based
composites, which improves the freeze-thaw resistance and corrosion resistance of the
cement-based composites mixed with iron tailings [7-11]. Iron tailings have high contents
of iron-phase minerals and rich metal ions in chemical components, which can be used
to configure cement-based composite materials with good electrical conductivity and
mechanical properties [12,13].

In recent years, researchers have comprehensively used various scientific and techno-
logical means to carry out health monitoring on the durability of engineering structures,
making it possible to conduct real-time monitoring, evaluation and management [14].
Sandro E.S. et al. [15] evaluated the possibility of using resistivity as the design perfor-
mance parameter of concrete, compared the experimental values of 33 mix proportions of
concrete, and concluded that the compressive strength and resistivity of concrete cured
for 28 days were fully correlated. Using the parameters such as aggregate quantity, water
binder ratio and compressive strength, a mathematical model for measuring the durabil-
ity of concrete by resistivity was fitted. Hamza Allam et al. [16] studied the change in
resistivity and the improvement of the sensing performance of carbon fiber-reinforced
concrete in a dry environment. The actual impedance of the material decreased at low
frequency and increased at high frequency. The capacitance behavior of the material in
a dry environment is weakened, and the virtual impedance value approaches 0. The DC
step method proposed by Song Jiamao et al. [17] to detect the resistivity of concrete studied
the influence of water binder ratio, sand ratio, fly ash, and mineral powder content on the
resistivity of concrete at various ages. The results show that the resistivity method has
a high correlation with the rapid detection of chloride ion diffusion coefficient, and can
quickly evaluate the chloride ion penetration resistance of concrete. Kevin Paolo V. Robles
et al. [18] have evaluated the relevant non-destructive monitoring technologies on how to
use resistivity for non-destructive monitoring of concrete deterioration caused by chloride.
Jian Hong Wang et al. [19] studied the influence of the water cement ratio on the properties
of cement-based piezoelectric composites. The results show that when the water cement
ratio is 0.9, the cement-based piezoelectric composites have higher density and fewer inter-
nal defects, ensuring better polarization efficiency and can be used for health monitoring
of engineering structures. Thanh-Cao Le et al. [20] proposed a method for monitoring the
as-built prestress of anchor rods based on impedance instead of the PZT interface model.
This technique can produce an impedance effect that is highly sensitive to prestress. On
this basis, Thanh Cao Le et al. [21] embedded the resistance as an impedance sensor in
a prestressed concrete beam to monitor the prestress of the concrete beam after tensioning.

Due to the complexity of engineering structures and the randomness of structural
damage, the above methods are affected by many factors, such as environment, testing
methods, and data, in the application of engineering structure health monitoring. In
addition, the above studies seldom consider the failure of the pressure-sensitive effect of
cement-based piezoelectric composites due to salt and freeze-thaw cycle corrosion when
the engineering structure is used under the complex working conditions in cold regions for
a long time. In view of this, in this study, iron tailings are added to carbon fiber cement-
based materials to configure cement-based piezoelectric composites and the recycling of
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iron tailings is of positive significance to environmental protection. The freeze-thaw cycle
test chamber is used to simulate the extreme environments in cold areas, accelerate the
sulfate freeze-thaw cycle of cement-based piezoelectric composites, and study its pressure-
sensitive performance and degradation law under the action of salt and freeze-thaw cycle,
so as to provide a feasible idea for the health monitoring of engineering structurse under
complex working conditions in cold regions.

2. Materials and Methods
2.1. Materials

Qinling brand ordinary Portland cement (p.0.42.2) is used as the cementitious material.
The silica fume (S5iO, content not less than 96%) produced by Henan Yixiang company
is used as the admixture. In addition, 60 mesh quartz sand is purchased from Xi’an
Hengyuan chemical company as the natural fine aggregate. The iron tailings are purchased
from Yaogou tailings pond in Shangluo, Shaanxi Province as the recycled fine aggregate.
Furthermore, 5 mm carbon fiber produced by Toray company of Japan is selected. The
chemical composition and performance parameters of the test materials are shown in
Tables 1-4, among which the performance of the main test materials meet the requirements
of the relevant specifications [22,23].

Table 1. Chemical composition of cement and iron tailings.

Chemical Composition C o Mg Al Si S K Ca Fe Ti
Cement (%) 4.12 39.08 0.74 1.54 6.11 1.10 0.53 45.84 0.93 0.01
10T (%) - 56.49 6.95 8.38 17.46 - 3.02 1.68 5.28 0.74

Table 2. Chemical composition of quartz sand.

Chemical
Composition

Quartz (%) 12+025 068=£012 091+£0.32 1.1+£03 027 £0.13 7596

NaZO MgO Fe203 A1203 CaO SIOZ

Table 3. Main performance indicators of cement.

Water Requirement of

Initial Final Setting Fineness

Flexural Strength Compressive Strength

Normal Consistency  Setting Time Time (um) Stability (MPa) (MP2)
(%) (min) (min) 3d 28d 3d 28d
28 160 280 40 Qualified 5.2 6.8 19.5 425
Table 4. Basic parameters of carbon fiber.
Length Diameter Density Carbon Content Tensile Strength Tensile Modulus Resistivity
(mm) (um) (g/cm3) (%) (MPa) (GPa) (103 Q-cm)
5 7 1.75 >95 3530 228 1.0-1.6

The grain gradation curve of the iron ore tailings is shown in Figure 1.
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Figure 1. The grain gradation curve of iron ore tailings.

2.2. Mix Design

The mix design is shown in Table 5. BS represents the benchmark sample, CgpT¢p
represents the sample with 2% carbon fiber content and 0 iron tailings substitution rate, etc.

Table 5. The mix design of cement-based piezoelectric composites.

Fine Aggregate
. Silica Jk g/§n3 & Replace- 210 Replace-
Serial Sample Water Cement Fume & ment Fiber ment
No No (kg/m?) (kg/m?) (kg/m?) Silica o Rate of (ke/m®) Rate of
Sand 10T 101 (%) 8 CF (%)
1 BS 242 550 55 605 0 0 0 0
2 CoaToo 242 550 55 605 0 0 3.50 02
3 CosToo 242 550 55 605 0 0 7.00 0.4
4 CosToo 242 550 55 605 0 0 10.50 0.6
5 CosT1s 242 550 55 514.25 90.75 15 7.00 0.4
6 CosT3g 242 550 55 423.50 181.50 30 7.00 0.4
7 CoaTys 242 550 55 332.75 272.25 45 7.00 0.4

2.3. Testing Instruments

The instruments used in the research on the durability and pressure-sensitive prop-
erties of cement-based composites are as follows: the freeze-thaw cycle tests adopt the
Gangyuan TDR-28 fast freeze-thaw cycle machine, the non-contact ultrasonic tests adopt
the Kangkerui brand NM-4B non-metallic ultrasonic testing analyzer, MTS2000kN electro-
hydraulic servo universal testing machine is used for the pressure tests and the pressure
sensitive tests adopt the Tonghui brand TH2811D LCR digital bridge. The test equipment

is shown in Figure 2.



Buildings 2022, 12, 1150 50f 16

Figure 2. The test instruments: (a) freeze-thaw testing chamber; (b) ultrasonic detector; (c) MTS
pressure testing machine; (d) LCR digital bridge.

2.4. Sample Preparation

By referring to the standard for test methods of concrete physical and mechanical prop-
erties (GB/T 50081-2019) [24], 100 mm x 100 mm x 100 mm cube specimens were prepared,
which were tested for their mechanical properties under the sulfate freeze-thaw cycle. For
the pressure-sensitive tests under sulfate-freeze-thaw cycle conditions, a 70 mm x 70 mm
copper mesh was used as the electrode. When preparing a 100 mm x 100 mm x 300 mm
prismatic specimen, four electrodes were pre-buried inside the specimen. The embedding
distance between the two adjacent electrodes was 60 mm. The size of the sample is shown
in Figure 3.

100

\EHEHH
|
|
|

e | e |
(a) (b)

Figure 3. Dimensional parameters of specimen and electrode: (a) size of copper mesh; (b) size
of specimen.
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2.5. Texting Methods

The salt freeze-thaw corrosion test of the carbon fiber iron tailings cement-based
composites refers to the standard for test methods of long-term performance and durability
of ordinary concrete (GB/T 50082-2009) [25]. The cubic and prismatic specimens are placed
in a sodium sulfate solution with a mass fraction of 8%, and after several freeze-thaw cycles,
the apparent morphology, mass loss, relative dynamic elastic modulus and degradation of
mechanical properties of the specimens are tested.

According to the previous research results, the pressure-sensitive performance tests of
cement-based composites mainly include the externally attached two-electrode method and
the embedded four-electrode method [26]. In engineering practice, measuring the resistivity
of cement-based composites does not require damage to the engineering structure, and
the electrodes can be embedded in the structure for non-destructive testing, and the direct
current four-electrode method can avoid polarization effects. Therefore, in this study, the
70 mm x 70 mm copper mesh was pre-embedded inside a 100 mm x 100 mm x 300 mm
prismatic specimen as four parallel electrodes, and the electrodes were connected to external
wires. Each group was tested with the same three specimens [27]. We connected the LCR
digital bridge with the AC power supply (DC) and the four wires of the specimen, then we
placed the specimen in the MTS pressure testing machine, loaded the specimen according to
the displacement method. At this time, the data acquisition equipment was used to record
the resistance change value of the specimen caused by the change in the applied load.

3. Experimental Results and Discussion of Durability Performance
3.1. External Damage Analysis

According to the test results, the specimen prepared by the mix ratio of BS (benchmark
specimen), CoaToo and Co4 T3 groups has a typical apparent damage pattern, so the epider-
mal damage analysis is carried out. Figure 4 shows the apparent morphology of the BS,
CoaToo and Cp4 T30 specimens after 50, 100 and 150 freeze-thaw cycles in 8% sodium sulfate
solution. From the longitudinal comparison, it can be observed that with the increase in
the number of freeze-thaw cycles, the apparent morphology of each group of specimens
continues to deteriorate, the middle and corners of the specimens are gradually missing,
and the surface holes and cracks gradually increase. The apparent damage of the Cy4Toy
specimen was relatively less affected by the number of freeze-thaw cycles. After 100 freeze-
thaw cycles, the color of the specimen turned yellow and the local color became darker.
After 150 freeze-thaw cycles, salt particles were precipitated on the surface of the specimen.
It can be observed from the lateral comparison that after 50 freeze-thaw cycles, the surface
of the BS specimen becomes loose and a few holes appear, while the apparent damage of
the CpsTgg and Cp4T3g specimens is not obvious. After 100 freeze-thaw cycles, the apparent
deterioration of the BS specimen was obvious. The Cy4Toy and Cps T3 specimens still
maintain a relatively complete form, a small number of holes appear and the color of the
specimen began to turn yellow. After 150 freeze-thaw cycles, the BS specimen was loose in
texture, with obvious overall deformation and transverse penetration cracks. The Cos T
specimen edges and corners appear to be missing, and the texture is relatively dense. The
Co4 T30 specimen has obvious holes and obvious surface corrosion marks. By observing the
apparent morphology of the specimen, it can be concluded that adding a certain proportion
of carbon fiber and iron tailings can effectively inhibit the development of cracks and main-
tain the integrity of the apparent morphology of the specimen. However, the specimens
mixed with iron tailings and carbon fiber at the same time showed obvious damage after
150 freeze-thaw cycles, compared with the specimens with single carbon fiber.
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BS (50 freeze-thaw cycles)

BS (100 freeze-thaw cycles)

CosToo (50 freeze-thaw cycles) CosTs0 (50 freeze-thaw cycles)

CosaToo (100 freeze-thaw cycles) CusTs0 (100 freeze-thaw cycles)

BS (150 freeze-thaw cycles) CosToo (150 freeze-thaw cycles) CosT30 (150 freeze-thaw cycles)

Figure 4. Apparent failure morphology of cement-based composites under freeze-thaw cycles.

The formula for calculating the mass loss rate of a single specimen of cement-based
composites under salt-freezing erosion is as follows:
AW,,; = Woi = Wai 100 (1)
Wo
where AW,,;—the mass loss rate of the ith concrete specimen after N freeze-thaw cycles (%),
Wy;—the mass of the ith concrete specimen before the freeze-thaw cycle test (g); W,;—the
mass of the ith concrete specimen after N freeze-thaw cycles (g). The formula for calculating
the average mass loss rate of a set of specimens is as follows:
3
AW, = w x 100 )
where AW, is the average mass loss rate of a set of concrete specimens after N freeze-thaw
cycles (%). The prismatic specimens of each group with a mix ratio were weighed after
50, 100 and 150 freeze-thaw cycles in 8% sodium sulfate solution, and the average mass
loss rate of each group of specimens was calculated, as shown in Figure 5. The analysis
shows that after 50 freeze-thaw cycles, the mass loss rate of the BS specimen is 0.9%,
while the mass loss rate of the specimens mixed with carbon fiber and iron tailings is
negative. On the one hand, the salt solution penetrated into the interior of the specimen
and formed crystalline expansion products, which increased the quality. On the other
hand, the specimens mixed with carbon fiber and iron tailings did not produce obvious
external damage at the beginning of the freeze-thaw cycle, so the quality increased after
freeze-thawing. With the increase in the number of freeze-thaw cycles, the mass loss rate
of specimens mixed with carbon fiber and iron tailings gradually turns from negative
to positive. This is because the salt solution freezes inside the specimen to generate
pressure, and at the same time, the expansion of salt crystals generates pressure, which
causes the specimen to be destroyed under salt erosion, and the mass loss of the specimen
increases gradually. After 100-150 freeze-thaw cycles, the mass loss rates of all specimens
were positive. After 150 freeze-thaw cycles, the mass loss rate of BS specimens reached
5.75%, which was significantly greater than that of the other specimens. After the addition
of carbon fiber and iron tailings, the compactness of the cement-based material can be
improved, the salt solution penetrates into the inside of the specimen by a relatively small
amount, the expansion pressure generated by freeze-thawing results in little damage to
the interior of the specimen, and the quality loss rate of the specimen does not exceed
5%, of which the Cy4T3 specimen quality loss rate is the smallest, only 3.65%. With the
increase in carbon fiber and iron tailing content, the mass loss rates of Cys4T45 and CpsToo
specimens were 4.7% and 4.95%, respectively. This is due to the insufficient hydration
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reaction caused by the agglomeration of carbon fiber and iron tailings in the interior of
cement-based material, so the excessive incorporation of carbon fibers and iron tailings did
not play a role in improving the durability of cement-based materials.

Figure 5. Mass loss rate of cement-based composites under freeze-thaw cycles.

3.2. Internal Damage Analysis

The formula for calculating the relative dynamic elastic modulus of a single specimen
of cement-based composite material under salt freezing erosion is as follows:

2
P; =~ % 100 3)

foi
where P,—the relative dynamic elastic modulus of the ith concrete specimen after N freeze-
thaw cycles (%), f,i—lateral fundamental frequency of the ith concrete specimen after N
freeze-thaw cycles (Hz); fo;—lateral fundamental frequency of the ith concrete specimen
before freeze-thaw cycles (Hz). The formula for calculating the average relative dynamic

elastic modulus of a set of specimens is as follows:

P=_YP 4)

where P is the average relative dynamic elastic modulus of a group of concrete specimens
after N freeze-thaw cycles (%). Prismatic specimens were prepared according to the mixing
ratio of each group, and were subjected to 50, 100, and 150 freeze-thaw cycles in 8% sodium
sulfate solution, respectively. The NM-4B non-metallic ultrasonic testing analyzer was used
to measure the transverse fundamental frequency, and the relative dynamic elastic modulus
of each group of specimens was calculated as shown in Figure 6. The analysis shows that
the relative modulus of the BS specimen decreases with the increase in the number of freeze-
thaw cycles. After 50 freeze-thaw cycles, the relative dynamic elastic modulus decreased
significantly faster, indicating that the damage degree of the BS specimen increased. When
the freeze-thaw cycle occurred 150 times, the relative dynamic elastic modulus of the BS
specimen was 0.63, which almost reached the state of failure. The relative dynamic elastic
modulus of the specimens mixed with carbon fiber and iron tailings sand generally showed
a trend of first increasing and then decreasing after the freeze-thaw cycles. When the
freeze-thaw cycle occurred about 50 times, its relative dynamic elastic modulus reached
its peak value, and when the freeze-thaw cycle occurred 150 times, its relative dynamic
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elastic modulus was higher than 0.75, and its durability was significantly better than that of
the BS specimen. This is because the fine powder of iron tailings sand reacts with calcium
ions and silicon ions in the cement slurry to form hydration products, such as C-S5-H gel,
which causes the interior of the specimen to be continuously filled with crystals. Therefore,
the relative dynamic elastic modulus of cement-based composites has an upward trend
in the early stage of freeze-thaw cycles. With the progress of the freeze-thaw cycle, the
expansion stress generated by the crystals increases continuously, and cracks appear inside
the specimen. At this time, the tensioning and compaction effect of the carbon fiber and
iron tailings in the cement colloidal caused the relative dynamic elastic modulus of the
carbon fiber and iron tailings sample to decrease, but was still significantly higher than the
relative dynamic elastic modulus of the BS specimen [28]. When the carbon fiber dosage
reaches 0.4% and the substitution rate of iron tailings reaches 30%, the relative dynamic
elastic modulus of the Cy4T3p specimen measured in the entire freeze-thaw cycle test is
always the highest, indicating that its frost resistance is optimal. At the same time, it also
shows that continuing to increase the content of carbon fiber and iron tailings does not
make the cement-based composite material achieve a better antifreeze effect, which also
indirectly confirms the analysis results of the quality loss rate.

Figure 6. Relative dynamic elastic modulus of cement-based composites under freeze-thaw cycles.

The formula for calculating the loss rate of compressive strength of cement-based
composite specimens under salt freezing erosion is as follows:

af = J0Jen 00 ®)
f c0

where A f.—the loss rate of concrete compressive strength after N freeze-thaw cycles (%),
fco—the measured value of compressive strength of a set of concrete specimens for compar-
ison (MPa); f.,—the measured value of compressive strength of a set of concrete specimens
after N freeze-thaw cycles (MPa). The cube specimens with the mixing ratio of each group
were tested with 50, 100, and 150 freeze-thaw cycles in 8% sodium sulfate solution, respec-
tively. The MTS2000kN electro-hydraulic servo universal testing machine was used to
measure the compressive strength of the specimens, and the compressive strength loss rate
of each group of specimens was calculated, as shown in Figure 7. The analysis shows that
the compressive strength of the BS specimen decreases with the increase in the number of
freeze-thaw cycles. After 50 freeze-thaw cycles, the compressive strength loss rate further
increased, indicating that the degree of deterioration of the specimen was more obvious.
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After 100 freeze-thaw cycles, the compressive strength loss rate gradually exceeded 25%,
and the BS specimen changed from critical destruction to complete destruction. In contrast,
due to the uneven stirring of carbon fiber or excessive incorporation of carbon fiber to cause
agglomeration, and the entry of air bubbles to reduce the internal density of the specimen,
the compressive strength loss rate of the specimens doped with carbon fiber alone in the
early and middle periods of the freeze-thaw cycles is close to or greater than that of the
BS specimens. After 150 freeze-thaw cycles, the carbon fiber exerted its crack resistance,
so that the compressive strength loss rate of the single-doped carbon fiber specimens was
smaller than that of the BS specimens. For the specimens that are mixed with carbon fiber
and iron tailings at the same time, because iron tailings improve the compactness of cement-
based composites, the internal pores become smaller so that the freeze resistance of the
specimens can be improved. Therefore, even after 150 freeze-thaw cycles, the compressive
strength loss rate of the double-doped carbon fiber and iron tailing specimens still does not
exceed 25%.

4
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Figure 7. Compressive strength loss rate of cement-based composites under freeze-thaw cycles.

4. Experimental Results and Discussion of Piezoelectric Performance
4.1. Stress-Resistivity Change Rate Correlation Evaluation

The four-electrode method was used to compare the pressure sensitivity of each group
of specimens with different freeze-thaw cycles and the same mix ratio specimens without
salt freezing erosion, and the correlation between the resistivity and compressive stress of
the specimens was obtained. On this basis, the correlation law of resistivity change rate and
stress change was analyzed. The calculation formulas of the resistivity, resistivity change
rate and pressure sensitivity of the specimen are as follows [29]:

R xS
=7 (6)
RCR = 2P _ Pt —F0 @)
f0 f0

N N
ps— 13RCR _ 1800/

N1 o N o ®)

1
where p—the resistivity of the specimen ((2-cm), R—the resistance value of the specimen
(Q)), S—the cross-sectional area of the electrode (cm?), L—the electrode spacing (cm), RCR—
resistivity change rate (%); PS—pressure sensitivity (MPa~!). Each group of specimens
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RCR (%)

was subjected to 150 freeze-thaw cycles in 8% sodium sulfate solution, and the compressive

stress and resistance value of the specimens were measured by the MTS2000kN electro-
hydraulic servo universal testing machine and TH2811D LCR digital bridge.

The correspondence relationship between the compressive stress and resistivity change
rate of each group of specimens that did not undergo a freeze-thaw cycle is shown in
Figure 8.

T
0 ER39999999995990ma A 04 @ C04T00
\ oPesaddy b C04T15
5 5k % €04T30
L L ° C04T45
-10 -10 FL of BS
L L FL of C02T00
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Figure 8. Stress—RCR fitting curves of cement-based composites before freeze-thaw cycles. (a) Stress—
RCR curves of BC, C02T00, C04T00, C06T00; (b) stress—RCR curves of C04T00, C04T15, C04T30, C()4T45~

According to the analysis of Figure 8a, in the absence of a freeze-thaw cycle, the
resistivity rate of change (RCR) in BS specimens and Cp;Top, CoaToo and CosToo specimens
doped with carbon fibers show a linear increasing trend with the increase in pressure load.
The resistivity change rate of CppToo, CoaTop and CogTop specimens mixed with carbon fibers
reached 20.1%, 29.58% and 24.37% when crushed and destroyed, respectively. However, the
resistivity change rate of the BS specimen without carbon fiber was only 2% at the time of
failure. One must note that the pressure-sensitive performance of cement matrix composites
is significantly improved by the incorporation of carbon fibers, and the resistance response
of Cp4Top specimens under load is the best when the carbon fiber dosage is 4%. At the same
time, according to the corresponding stress value when the specimen is destroyed, it can
be observed that the compressive strength of the specimen is not significantly improved
by the single-doped carbon fiber. On the basis of adding 4% carbon fiber, iron tailings
with substitution rates of 15%, 30% and 45% were added to prepare CosT15, Cos T30 and
Co4T45 specimens, respectively. According to the analysis of Figure 8b, with the increase
in pressure load, the resistivity change rate (RCR) of the specimens with single-doped
carbon fiber or double-doped carbon fiber and iron tailings showed an obvious linear
increasing trend. Since iron tailings improve the compactness of cement matrix composites,
when the substitution rate of iron tailings sand is 30%, the resistivity change rate of Cy4T39
specimens during crushing failure reaches 33.79%. The magnitude of the change is greater
than that of other groups of specimens, which is consistent with the research results of
other scholars [28,30,31].

Using Origin software to fit the above data, the fitting curve is shown in Figure 8 and
the results show that the compressive stress and resistivity change rate of each group of
specimens that have not undergone freeze-thaw cycles are approximately linear in line
with the linear relationship, such as formula (9).

RCR=a+bxo )
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where RCR—resistivity change rate (%), c—test compressive stress (MPa); a,b is the
fitted curve constant. The fitting curve constants, correlation coefficients, and pressure
sensitivities of each group of specimens that have not undergone a freeze-thaw cycle are
shown in Table 6.

Table 6. Fitting curve parameters of cement-based composites before freeze-thaw cycles.

Parameter BS Co2Too CosaToo CosToo Co4T15 CoaT3o CosTys
a 0.02368 —2.47672 0.0944 —0.58481 —1.63942 —1.45606 —0.98392

b —0.04662 —0.45898 —0.62169 —0.55953 —0.584 —0.66546 —0.6116

R? 0.92806 0.91795 0.94476 0.94184 0.90896 0.93791 0.94215

PS 0.000434 0.006213 0.006638 0.006532 0.007159 0.007545 0.007229

The analysis of the parameters in Table 6 shows that the BS group specimens were
not mixed with carbon fiber and iron tailing sand, although the stress and resistivity rate
of change were approximately linear, but their pressure sensitivity coefficient was only
0.000434, indicating that ordinary cement-based materials do not have good pressure
sensitivity. The correlation coefficients of the fitting curves between the compressive stress
and the resistivity change rate of the other groups of specimens are all above 0.9, and
the pressure sensitivity coefficients are not less than 0.006213, indicating that there is
a good correlation between the pressure and the resistivity change rate. The cement-based
composites doped with carbon fiber and iron tailings sand have good pressure-sensitive
properties. By comparing the pressure sensitivity coefficients of each group of cement
matrix composite specimens, when single carbon fiber is mixed, the pressure sensitivity
coefficient of the 4% carbon fiber dosage of the specimen is 0.006638, and the pressure
sensitivity performance is the best. On this basis, when the substitution rate of iron tailings
sand is 30%, the pressure sensitivity coefficient of the specimen is 0.007545, and the pressure
sensitivity performance is further improved.

The corresponding relationship between the compressive stress and resistivity change
rate of each group of specimens after 150 freeze-thaw cycles is shown in Figure 9.

Figure 9. Stress—RCR fitting curves of cement-based composites under 150 freeze-thaw cycles.
(a) Stress—RCR curves of BC, CyrTgo, CoaToo, CosToo, (b) stress-RCR curves of CyyTgy, CosT1s,
Co4T30, CoaTys.

According to the analysis of Figure 9, after 150 freeze-thaw cycles, the resistivity
change rate of the BS specimen without carbon fiber and iron tailings sand does not
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change significantly with the increase in the compressive stress, while the resistivity change
rate of other groups of specimens doped with carbon fiber or iron tailings sand becomes
significantly larger with the increase in compressive stress, and the change trend decreases
after the pressure load is greater than 10 MPa. The compressive strength that corresponds
to the failure point of the cement matrix composite specimen is distributed between 30 MPa
and 40 MPa, which is higher than that of the BS specimen, and compared with the failure to
undergo freeze-thawing, the addition of carbon fiber or iron tailings sand can improve the
compressive strength of the specimen in extreme environments. According to the analysis
of Figure 9a, when the single-doped carbon fiber is 2%, 4% and 6%, the resistivity change
rate of the specimen when it is crushed and destroyed reaches 14.85%, 19.95% and 17.36%,
respectively. This indicates that the pressure sensitivity of the cement matrix composite
material is improved by the incorporation of carbon fiber, and the resistance response
of the Cy4T(p specimen in extreme environments is the best when the carbon fiber is 4%.
According to the analysis of Figure 9b, by continuing to add iron tailings sand on the basis
of adding carbon fiber, the compressive strength of the failure point of the specimen is
improved. With the improvement of the substitution rate of iron tailing sand, the increase
in resistivity change rate is not obvious and when the replacement rate of iron tailings sand
is 30%, the resistivity change rate of the Cp4T3p specimen at the time of crushing failure
reaches 25.34%, and the change amplitude is greater than that of the other specimens.

Using Origin software to fit the above data, the fitting curve is shown in Figure 9 and
the results show that the compressive stress and resistivity change rate of each group of
specimens after 150 freeze-thaw cycles approximately conform to the polynomial attenua-
tion curve, such as formula (10).

RCR=a+by x o+ by x o2 (10)

where RCR—resistivity change rate (%), c—test compressive stress (MPa); a, by, by is the
fitted curve constant. The fitting curve constants, correlation coefficients, and pressure
sensitivities of each group of specimens that have undergone 150 freeze-thaw cycles are
shown in Table 7.

Table 7. Fitting curve parameters of cement-based composites under 150 freeze-thaw cycles.

Parameter BS Co2Too Co4Too CosToo Co4T1s CoqT3p CoqTys
a 0.00624 0.99718 1.16182 0.39216 0.92297 0.96992 1.12923
by —0.06364 —0.82444 —0.95198 —0.85845 —0.93611 —1.02612 —0.97451
b, 0.00178 0.00961 0.0096 0.0097 0.00915 0.01012 0.00977
R? 0.86735 0.93367 0.92795 0.93325 0.90659 0.95382 0.94295
PS 0.000377 0.005426 0.006503 0.006497 0.006673 0.007294 0.006708

The analysis of the parameters in Table 7 shows that, after 150 freeze-thaw cycles, the
specimens in the BS group were similar to those without freeze-thaw, and the pressure
sensitivity coefficient was only 0.000377, which further indicated that ordinary cement-
based materials do not have good pressure-sensitive properties. The correlation coefficients
of the compressive stress and resistivity change rate fitting curves of the other groups
of specimens are all above 0.9, and the pressure sensitivity coefficients are not less than
0.005426, indicating that the cement-based composites mixed with carbon fiber and iron
tailings sand have good pressure-sensitive properties after extreme working conditions,
and there is a good correlation between pressure and resistivity change rate. Among
them, the pressure sensitivity coefficient of the specimen mixed with 4% carbon fiber and
the substitution rate of 30% iron tailings sand is 0.007294, which has the best pressure
sensitivity performance. Further comparison with the parameters of Table 6 shows that
after the freeze-thaw cycle, the pressure sensitivity of each group of specimens has been
attenuated, and the pressure sensitivity of the single-doped carbon fiber specimen is smaller
than that of the specimens of re-doped carbon fiber and iron tailing sand [32,33].
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4.2. Pressure Sensitivity Mechanism Analysis

For the cement-based composites with single-doped carbon fibers, when the amount
of carbon fibers is low, the potential barrier between the conductive materials is relatively
large, the relative permittivity is relatively small, and the tunneling effect is dominant
compared with the capacitive effect, which is manifested as the uncoupled carbon fibers
forming a conductive path through the tunnel transition effect. If one continues to increase
the content of carbon fiber, the hydration of the cement matrix produces a free ion con-
ductive medium and the carbon fibers in the cement matrix overlap each other to form
a conductive path, so that the cement-based composite material exhibits good pressure-
sensitive properties. When the amount of carbon fiber is mixed to reach the permeability
threshold, the charges are greatly de-trapped through the tunneling transition and the
capacitive effect is enhanced. Compared with the capacitive effect, the advantage of the
tunneling effect is further reduced, and the amplitude of the resistance reduction is reduced,
which is manifested by a decrease in pressure sensitivity. This indicates that the carbon
fiber content increases, so that the resistivity of the specimen is reduced and once the
penetration threshold is reached, the increase in carbon fiber will not make the resistivity
change significantly [6]. When an appropriate amount of iron tailings sand is incorporated,
the iron tailing sand aggregates to cause electrolytic conductivity enhancement, so that the
current can be transmitted on the complete conductive path, and the pressure sensitivity of
the specimen is more sensitive. Continuing to increase the amount of iron tailings sand
will affect the conductive path and tunnel transition effect formed by carbon fiber overlap,
and reduce the sensitivity of the cement matrix composites to compressive stress [33].

After the freeze-thaw cycle, cracks and holes are generated inside the cement matrix
composite specimen, and there are more free ions in the pores. At the same time, the crack
inside the specimen becomes smaller with the increase in pressure, and the distance of the
conductive material is also reduced, causing the potential barrier between the carbon fibers
to decrease. The decrease in resistivity caused by the reduction in free ions and fiber barriers
is greater than the increase in resistivity caused by freeze-thaw damage. Therefore, when
the pressure increases slightly, the resistivity of the cement-based composite material still
has a good linear relationship with the pressure. With the increase in load, the crack damage
inside the specimen is more serious, the distance between adjacent carbon fibers is far, and
the aggregation effect of iron tailing sand is not enough to generate electron-hole transition.
At the same time, the oxidation rate of iron tailings is accelerated under the corrosion of salt
freezing, and the electrical conductivity is reduced due to rust. Therefore, the two together
lead to a decrease in the pressure sensitivity of cement composites [17,34,35].

5. Conclusions

In this paper, the durability and pressure-sensitive properties of cement-based com-
posites mixed with carbon fiber and iron tailing sands after undergoing freeze-thaw cycles
were studied. The external damage of cement-based composites was analyzed from the
apparent shape and mass loss of the specimen, and the internal damage was analyzed from
the relative dynamic elastic modulus of the specimen and the deterioration of mechanical
properties. The pressure sensitivity of cement matrix composites is quantitatively analyzed
by the resistivity change rate and pressure sensitivity of the specimen. The conclusions are
as follows:

(1) After 150 freeze-thaw cycles, compared with the specimens mixed with 0.4% carbon
fiber and 30% substitution rate iron tailing sand, the apparent morphology of the
specimens mixed with 0.4% carbon fiber remained more complete. By comparison,
the Co4T3p specimen with 0.4% carbon fiber and 30% substitution rate iron tailing
sand at the same time had the smallest mass loss rate, which was only 3.65%. It shows
that the addition of carbon fiber and iron tailing sand can improve the freeze-thaw
resistance of cement-based composites.

(2) After 150 freeze-thaw cycles, the relative modulus of the BS specimen without carbon
fiber and iron tailing sand was 0.63, the compressive strength loss rate exceeded 37.5%,
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and the specimen reached a destructive state. The relative dynamic elastic modulus
of the Cp4T3p specimen mixed with 0.4% carbon fiber and 30% substitution rate iron
tailing sand at the same time was 0.855, and the compressive strength loss rate was
only 20.2%. It shows that the incorporation of carbon fiber and iron tailing sand can
improve the erosion resistance of cement-based composites.

(3) The compressive stress and resistivity change rate of each group of cement matrix
composite specimens that did not undergo a freeze-thaw cycle were approximately
in line with the linear attenuation relationship, and the correlation coefficients of
the compressive stress and resistivity change rate fitting curves were above 0.9. The
compressive stress and resistivity change rate of the cement matrix composite spec-
imen that underwent 150 freeze-thaw cycles were approximately in line with the
polynomial attenuation relationship, and its correlation coefficient was also above 0.9.
The fitting results show that the correlation between resistivity change rate and com-
pressive stress was high, and the rate of resistivity change can reflect the deterioration
of structural mechanical properties after the freeze-thaw cycle.

(4) After 150 freeze-thaw cycles, the pressure sensitivity coefficient of the cement-based
composite specimen with 4% carbon fiber and 30% iron tailing sand substitution
rate was 0.007294. Compared with the specimens of re-doped carbon fibers and iron
tailing sands, the pressure sensitivity of the specimens of single-doped carbon fibers
was less attenuated. It is explained by the fact that cement matrix composites mixed
with carbon fiber and iron tailing sand have good pressure sensitivity, and cement
matrix composites can be embedded as impedance sensors to monitor the health of
engineering structures.
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