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Abstract: Concrete structures are subjected to various forms of damage in cold regions. However,
the interfacial bonding properties of traditional concrete (NC) reinforced with textile-reinforced
cementitious composite (TRECC) under freeze–thaw cycle damage have not been fully studied.
In this paper, different control groups were obtained by adjusting the types and layers of Fiber
Reinforced Plastics (FRP) in TRECC and the interfacial roughness level between TRECC and NC.
After experiencing 0–300 freeze–thaw cycles, each group underwent the uniaxial tensile test, three-
point bending test, and scanning electron microscope observation. The results show that FRP type in
TRECC can determine the strength of specimens. After 100 freeze–thaw cycles, the ultimate tensile
strength of TRECC with two different FRP types increased by 38.4% and 55.3%, respectively, compared
with TRECC. Furthermore, the bond strength and resistance to freeze–thaw damage of TRECC-NC
interface increased with the increase of roughness under the action of freeze–thaw cycles. After
100 freeze–thaw cycles, the bonding strength of the repair system reached the highest. Compared
with 0 freeze–thaw cycles, the ultimate tensile strength of the TRECC-NC reinforcement system under
low roughness and high roughness increased by 50.05% and 61.25%, respectively. Meanwhile, the
internal cracks of TRECC gradually developed and penetrated, reducing the cooperative working
ability between TRECC-NC.

Keywords: TRECC; freezing and thawing cycle; TRECC-NC; FRP

1. Introduction

Under complex conditions such as extreme cold and high altitude and various prob-
lems such as leakage, block falling and collapse can occur during the operation of trans-
portation infrastructure [1,2], which poses a significant threat to the long-term service
performance of tunnel structure and the safety of vehicle operation.

When a structure is affected by disease, commonly used reinforcement methods
include secondary pouring concrete, external prestressing, double liquid grouting, and
pasting FRP [3–8]. However, these methods are often time-consuming, labor-intensive, and
costly. In contrast, Engineered Cementitious Composite (ECC) [9–11] has excellent crack
control ability [12,13], high toughness, and impact resistance [14], and its ultimate failure
strain can reach over 3% [15], exhibiting obvious strain hardening characteristics. ECC
materials have a high elastic modulus [16], corrosion resistance [17], and frost resistance
due to the internal fibers. As a result, some researchers have begun to use ECC materials
in concrete reinforcement [18–21]. The results demonstrate that ECC not only improves
the crack load and ultimate load of reinforced concrete beams but also disperses cracks,
controls crack width, and limits crack development. The cracks in ECC-reinforced concrete
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beams are fine and dense, and the number of cracks is obviously larger than that of ordinary
reinforced concrete beams. Qin et al. [22] used ECC material to reinforce seven types of
concrete beams, and the test results showed that ECC effectively slowed down the crack
development in the tensile zone of concrete beams, improving fracture ductility and energy
absorption capacity. Furthermore, some scholars have used ECC as a matrix binder for FRP
(plate or grid) to reinforce the beams. Yang et al. [23] conducted a series of experiments
on the flexural behavior of RC beams strengthened with Carbon Fiber Reinforced Plastics
(CFRP) and ECC, and the results showed that ECC was an ideal cementitious matrix for
strengthening applications using FRP grids as external reinforcement. Hou et al. [24]
investigated a reinforcement system made of basalt fiber reinforced polymer and ECC
matrix to reinforce RC beams, and the results demonstrated that the reinforced beams could
effectively improve the ultimate failure load by more than 30% compared to traditional
concrete beams. Gao [25] studied ECC-high strength reinforced concrete composite beams
and found that the bearing capacity of composite beams was higher than that of traditional
concrete beams. Additionally, Ge [26] studied the flexural performance of TRC-concrete
beams and found that replacing some concrete with ECC could not only improve the
bearing capacity of the structure but also effectively enhance the ability of the members to
resist cracking and deformation. Table 1 summarizes the conducted research upon ECC
and ECC-NC systems.

Good interfacial bonding characteristics are the basis for the cooperative work between
ECC and NC and are the key to delaying the damage of reinforced concrete structures and
ensuring that steel bars do not corrode. Upon ECC-NC, domestic and foreign scholars
have mainly focused on factors such as interfacial bonding mode, interfacial curing time,
interfacial roughness, concrete strength grade, thickness of reinforcement layer, changes in
ECC mix ratio, and temperature influences [27–33]. On this basis, a series of tests such as the
ECC-NC bonding interface tensile strength test [34,35], shear test [36], and bending test [18]
have been carried out. The test results have shown that these factors have an impact on the
performance of the bonding interface and that the failure modes and crack propagation
modes [37] of ECC are also different due to the different types of fibers in ECC [37,38].
In addition, some scholars have studied the damage behavior of the concrete–concrete
interface under different ECC strength grades and interface roughness under salt freeze–
thaw cycles [37,38]. Salt freeze–thaw cycles significantly reduce the interface bonding
behavior and interface fracture performance. The interface strength is influenced to varying
degrees with an increase in salt freezing grade. In terms of durability, Yin et al. [39,40]
have research results which show that TRC reinforced concrete beams can better resist
chloride attack in a chloride environment than unreinforced reinforced concrete beams.
Although the bearing capacity of TRC reinforced beams decreases in chloride environment,
the decrease is negligible compared with ordinary reinforced concrete beams.

Table 1. Summary of ECC and ECC-NC tests.

Concrete
Substrate Test Method Reference Studied Parameters

ECC
Tensile test [10,14,16] Type and strength of cement matrix materials, the type of fibers,

effect of geometric type, and weaving method of PE addedBending test [12,14,16,18]
Shear test [16]

ECC-NC
Tensile test [31,32,34,35] Interfacial failure mode, interfacial bonding strength, interface

roughness, effects of concrete strength grade, thickness of
reinforcement layer, changes in ECC mix ratio, and temperature

Bending test [19–21,23,25–29,32]
Shear test [32,36]

FRP often uses epoxy resin as the binder, which is prone to fracture in complex envi-
ronments and cannot make FRP exert its ultimate bearing capacity. TRECC not only has
good fracture ductility but also has good bonding performance with FRP. In the concrete
reinforcement system, it can effectively control the cracks when the concrete is destroyed.
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Thus, it presents multiple cracks and improves the ultimate bearing capacity. Using ECC
as a bonding matrix material and FRP (grid cloth) for concrete reinforcement has gained
attention from experts and scholars. Xu Shilang’s team [41–46] has conducted a series of
studies on TRC, including the tensile mechanical model of TRC, the flexural performance
of TRC-reinforced concrete beams, crack resistance, bonding and lapping performance,
and fatigue performance of flexural beams. Yin Shiping [47–50] of Xu Shilang‘s team also
studied the axial compression performance, crack behavior, and normal section bearing
capacity of TRC-reinforced concrete columns, as well as the effective methods to improve
the anti-stripping ability of fiber woven mesh protective layer concrete. Xun Yong [20,51]
proposed a method of using textile-reinforced concrete (TRC) thin plate to strengthen
reinforced concrete beams and conducted an experimental study on the shear capacity of
inclined section of RC beams reinforced with TRC. Liu Dejun et al. [52] proposed a whole
process analysis method for the normal section stress of fiber woven mesh reinforced con-
crete reinforced tunnel lining and carried out a series of verification tests. A large number
of experiments show that TRC is a very effective material for structural reinforcement and
enhancement. Through the above experiments, it is found that the reasonable ratio of ECC
and FRP can improve the mechanical properties and meet the needs of production and life.

Durability is the most critical aspect of high-performance concrete, and it is necessary
to investigate its mechanical properties of high-performance concrete under freeze–thaw
cycles. Sun W. [53] discussed the damage caused by load and freeze–thaw cycles on concrete
and its dependence on different concrete strength grades and analyzed the inhibitory effect
of aerated and steel fibers on damage. The study also measured the loss of dynamic elastic
modulus and flexural strength of specimens subjected to freeze–thaw cycles. Experts and
scholars have also conducted extensive research on the durability, life prediction [54,55],
bending, and bending properties [56–59] of reinforced concrete under freeze–thaw cycles.
In addition, Murali G. et al. [60] tested and analyzed the impact failure strength of steel–
concrete fiber reinforced concrete under freeze–thaw cycles.

In summary, although many scholars have conducted extensive research on TRECC
and TRECC-NC, few studies on TRECC reinforced NC structures in cold regions have been
carried out. To investigate the reinforcement mechanism of the repair system composed
of TRECC and TRECC-NC under the influence of freeze–thaw cycles, this paper studies
the tensile and flexural properties of TRECC and TRECC-NC specimens with varying
roughness under 0–300 freeze–thaw cycles. In addition, in order to better understand the
micro-level enhancement mechanism of TRECC under freeze–thaw cycles, SEM scanning
electron microscopy and electron microscopy are used to observe freeze–thaw damage at
the interface of TRECC1-NC and inside ECC. This paper is organized as follows: Section 2
describes the preparation of raw materials and adhesive systems. Section 3 outlines the test
procedures and test methods. The test results and discussion are presented in Section 4,
and the Section 5 provides the main conclusions of this paper.

2. Materials and Methods
2.1. Materials

In this study, P.O 42.5 ordinary Portland cement with a relative density of 3.14 g/cm3

and a standard consistency water consumption of 25.9% was used. The chemical composi-
tion of the cement is shown in Table 2. Grade I fly ash with a fineness of 6.5% (sieve size
45 µm) and a water demand ratio of 96.8% was used, with a silicon dioxide content of
96.2%. Fine quartz sand was used as the fine aggregate, with particle size ranging from
approximately 0.15 mm to 0.32 mm. The water reducer used was PCA-I, a polycarboxylate
superplasticizer with a water reduction rate of 30%. The PE fiber and two types of FRP grid
cloth (see Figure 1) are listed in Table 3.
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Table 2. Technical parameters of P.O 42.5 cement.

Standard Consistency
Water Consumption/%

Initial Setting
Time/min

Final Setting
Time/min

Burning
Rate/% MgO/% SO3/% Cl−/% Stability

25.9 165 220 3.5 2.18 1.93 0.009 qualified
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Table 3. Mechanical properties of fibers.

Name Density/(g/cm) Tensile
Strength/MPa

Elastic Mod-
ulus/GPa

Maximum
Elongation/% Diameter/µm Length/mm Mesh

Width/mm

PE fiber 0.97 2900 116 2.42 31 12 -
BFRP gridding cloth 1.9 1700 80 2.16 - - 10
CFRP gridding cloth 1.8 3400 240 1.6 - - 10

2.2. Sample Preparation

The TRECC reinforcement system studied in this paper is mainly divided into two
types of tests, i and ii, as shown in Figure 2. Each type of test piece has to undergo
0–300 freeze–thaw cycles, a total of 288 test pieces. Each type of test piece is tested three
times, and the test results are taken as the average of three experiments.

(i) Mechanical properties test of TRECC under freeze–thaw cycles

The type i test comprises a uniaxial tensile test and three-point bending test. The
uniaxial tensile specimens are categorized into three groups: TRECC, B-TRECC0, and
C-TRECC0. The thickness of the uniaxial tensile specimen is 50 mm. To simulate the
concrete protective layer’s thickness in real reinforcement environment, the specimens
containing FRP are poured with a total of 3 layers of FRP (BFRP or CFRP) every 17.5 mm.
The three-point bending specimens are also classified into three types: TRECC, B-TRECC0,
and C-TRECC0, with a total thickness is 40 mm and an interval of 17.5 mm between each
layer. Two layers of FRP (BFRP or CFRP) are laid in these specimens.

(ii) Mechanical properties test of TRECC1-NC under freeze–thaw cycles

For the type ii reinforcement and repair system specimens, the uniaxial tensile speci-
mens are composed of TRECC and NC. The three-point bending specimen is composed of
ECC, NC, and FRP (BFRP and CFRP). In order to avoid the neutral axis effect, the NC layer
is 30 mm and the ECC layer is 10 mm (including two types of FRP mesh).

The bonding interface between ECC and NC is shown in Figure 2a–c, and the average
vertical height difference is used to quantitatively evaluate the interface roughness. The
pouring process of uniaxial tensile specimens and three-point bending tensile specimens
is shown in Figure 2d,e. The basic mixing ratio of NC and TRECC is shown in Table 4.
The mixing time of ECC layer and NC layer is about 15 min and 5 min, respectively. The
specimen naming rules are shown in Table 5, and the interface roughness is shown in
Table 6.
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Figure 2. Analysis of bonding interface: (a) creating the roughness; (b) measuring the roughness;
(c) diagram of the interface between two materials; (d) preparing specimens; (e) bending and
tensile tests.

Table 4. Basic mix proportion of materials (kg/m3).

Materials Cement Silica Fume Fly Ash Quartz Sand
Water

Reducing
Admixture

Water Cement
Ratio

Fiber
Content

PE-ECC 390 50 850 460 6 0.24 2%
Cement
matrix 500 - - 1500 0.6 0.4 -

Table 5. Naming rule of test specimen.

TRECC TRECC-NC

Uniaxial Tension Three-Point Bending Uniaxial Tension Three-Point Bending

No FRP TRECC0 TRECC1 TRECC0-NC TRECC1-NC

BFRP B-TRECC0 B-TRECC1 B-TRECC0-NC B-TRECC1-NC

CFRP C-TRECC0 C-TRECC1 C-TRECC0-NC C-TRECC1-NC

Table 6. Key components of TRECC layer for each repaired system group.

Specimen Name Bending Specimen
Roughness

Tensile Specimen
Roughness Type of FRP PE Fiber (%) Freeze–Thaw

Times/Times

0 - - - - 0~300
No roughness 0 0 - 2 0~300

Low roughness 0.104 0.056 BFRP 2 0~300
High roughness 0.247 0.103 CFRP 2 0~300
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3. Experimental Program and Methods

The research ideas of this paper are shown in Figure 3. The test is divided into three
parts: 1, 2, and 3. The main test methods for the influence of freeze–thaw cycles on TRECC
and TRECC-NC materials include:

1. After 24 h of casting, the sample was removed and placed in a standard curing chamber
with a temperature of 20 ◦C ± 2 ◦C and humidity of ≥95% [61]. One week before the
freeze–thaw test, the specimens required in the two types of tests i and ii were taken
out and dehumidified at room temperature, and the specimens were placed in a rapid
freeze–thaw test box. According to the “ordinary concrete long-term performance and
durability test method” (GB/T50082-2009) [62], the rapid freeze–thaw method requires
that each freeze–thaw cycle should be 6 h, and the melting time should not be less than
1/4 of the freezing time. During freezing and thawing, the center temperature of the
specimen should be controlled at −18 ◦C ± 2 ◦C and 5 ◦C ± 2 ◦C, respectively. Therefore,
the test temperature is −18 ◦C; the freezing time is 4 h, and the melting time is 2 h.

2. The mechanical properties test and microstructure test were carried out. The following
tests were carried out on the i and ii specimens:

(1) Tensile test: SANS electronic universal testing machine, loading rate of
0.2 mm/min [63,64], tensile way perpendicular to the bonding surface.

(2) Bending test: The three-point bending test was carried out using an electronic
universal testing machine controlled by SANS (Bairoe, Shanghai, China). The
loading rate was 0.1 mm/min, and the load–displacement curve was automat-
ically recorded in the bending test.

(3) Microstructure analysis: Zeiss Sigma 300, Oberkochen, Germany, (magnification
10–106 times) was used for the TRECC reinforcement layer after freeze–thaw
cycles; acceleration voltage: 0.02–30 kV) SEM electron microscope test; the bonding
interface between TRECC-NC was observed using an electron microscope.

3. The mechanical properties and microscopic phenomena of the TRECC and TRECC-NC
repair system under different roughness under 0–300 freeze–thaw cycles were analyzed.Buildings 2023, 13, x FOR PEER REVIEW 7 of 19 
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4. Results and Discussion
4.1. Mechanical Properties of TRECC Matrix Material under Freeze–Thaw Cycles
4.1.1. Tensile Test

Figure 4 shows the stress–strain curves of TRECC0, B-TRECC0, and C-TRECC0 speci-
mens under different freeze–thaw cycles.
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Figure 4. Experimental curve and comparison of uniaxial tensile properties under freezing–
thawing cycles. (a) Zero freeze–thaw cycles; (b) 100 freeze–thaw cycles; (c) 200 freeze–thaw cycles;
(d) 300 freeze–thaw cycles; (e) Variation of ultimate tensile strength under freeze–thaw cycles.

The mechanical properties of TRECC0 are not only related to the type and strength of
cement matrix materials but also depend on various factors such as the type, geometric
type, and weaving method of the added FRP. Figure 4a–e show that TRECC0, B-TRECC0,
and C-TRECC0 specimens exhibit typical strain hardening characteristics under the action



Buildings 2023, 13, 1522 8 of 18

of 0–300 freeze–thaw cycles, and the strength is obviously improved with the addition of
FRP grid cloth.

In the case of the TRECC0 specimen, the water–cement ratio of the specimen is small,
and the internal structure is dense. With an increase of in the number of freeze–thaw cycles,
the hydration reaction occurs inside the TRECC, and the fly ash begins to consume calcium
hydroxide. For the TRECC0 specimen, the water–cement ratio of the specimen is small, and
the internal structure is relatively dense. With the increasing number of freeze–thaw cycles,
the hydration reaction occurs inside the TRECC, releasing hydration heat and reflecting
heat release efficiency and the heat release process [63,64]. It shows that the fly ash in
TRECC begins to consume calcium hydroxide [63,64], and hydrated calcium silicate is
formed to fill the gel pores, capillary pores or voids, which reduces the weakening effect
caused by the internal defects of the specimen [65,66]. After 100 freeze–thaw cycles, the
tensile strength of the specimen increases by 2.9%.

The PE fibers in the TRECC specimen are distributed in multiple directions, creating
voids during the pouring process. From Figure 5, it can be seen that the PE fibers in the
TRECC sample are multiply distributed. Although secondary hydration reaction can fill
some of these voids, it cannot compensate for all the defects. When subjected to freeze–thaw
damage, the volume of PE fiber adsorbed water or the original water in the void increases
after freezing, resulting in the cracking of the TRECC matrix material. After 300 freeze–thaw
cycles, the ultimate tensile strength decreases by 22% compared to specimens subjected to
0 freeze–thaw cycles. For specimens containing TRECC (BFRP and CFRP), the bonding
strength between FRP and the cement base is mainly divided into three parts: friction
between the cement base and FRP preparation beam and the chemical glue force, followed
by the tensile force formed by the heterotrophic distribution of PE in ECC through the grid
cloth. As a result, the ultimate tensile strength of B-TRECC0 and C-TRECC0 increases by
33.6% and 53.8%, respectively, compared with 0 freeze–thaw cycles.
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With the increase of the number of freeze–thaw cycles, the secondary hydration re-
action enhances the strength of the TRECC matrix and the mechanical bite force between
the TRECC matrix and the FRP grid cloth, reaching its maximum value at 100 freeze–thaw
cycles. The ultimate tensile strength of B-TRECC0 and C-TRECC0 increases by 38.4%
and 55.3%, respectively, compared to TRECC. However, with the continuous accumu-
lation of freeze–thaw damage, the internal cracks develop in the ECC matrix material,
reducing the bridging force between the fibers and the matrix and the friction force be-
tween the FRP grid cloth and the concrete matrix. The ultimate tensile strength of the
specimen is 5.2% and 7.3% lower than that of the 0 freeze–thaw cycle specimen. In com-
parison to TRECC specimens under 0 freeze–thaw cycles, the ultimate tensile strength of
B-TRECC0 and C-TRECC0 increases by 32.2% and 50.8%. After 300 freeze–thaw cycles, the
strength loss of TRECC matrix material offsets the bridging force caused by some PE fibers,
resulting in a decrease in the ultimate strength of the specimens by 18.7% and 23.4%, respec-
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tively, compared to 0 freeze–thaw cycles but an increase of 20.06% and 40.5% compared to
300 freeze–thaw cycles.

In summary, the mechanical properties of the specimens are largely influenced by
the geometry of FRP, the type of braiding, and the performance of the fiber monofilament.
The complex fiber monofilament arrangement provides superior anchoring effect and
positively affects the strength of TRECC. Under 0–300 freeze–thaw cycles, the ultimate
bearing capacity of the three types of ECC specimens shows a trend of increasing first and
then decreasing, and strain hardening occurred. The addition of FRP grid cloth leads to an
increase in the strength of B-TRECC0 and C-TRECC0 compared with TRECC material. Due
to the high ultimate tensile strength and elastic modulus of CFRP, C-TRECC0 outperforms
B-TRECC0 in 0–300 freeze–thaw cycle tests, with the overall performance is C-TRECC0 >
B-TRECC0 > TRECC0.

4.1.2. Bending Test

Figure 6 shows the load-deflection curves of TRECC, B-TRECC1, and C-TRECC1
flexural specimens under 0–300 freeze–thaw cycles.
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Figure 6. Load–deflection curve and comparison of the three-point bending test. (a) TRECC speci-
men; (b) B-TRECC1 specimen; (c) C-TRECC1 specimen; (d) ultimate bearing capacities of different 
specimens under freeze-thaw cycles. 
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From Figure 6, it can be seen that for TRECC1 specimens, the three-point bending test
is carried out after 28 days of constant temperature curing. Each type of specimen is tested
three times, and the test results are averaged. When the load increases to about 3.5 kN, the
first crack appears in the specimen. With the progress of the freeze–thaw test, hydration
reaction occurs inside the specimen. Fly ash interacts with calcium hydroxide precipitated
from C3S hydration and rapidly hydrates to form flocculent C-S-H gel. Hydration products
with different particle sizes overlap and interweave with each other, plugging the defects
such as cracks and voids inside the specimen. The secondary hydration reaction occurred
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inside the specimen, plugging the defects such as cracks and voids inside the specimen.
However, the freeze–thaw damage offsets the enhancement effect caused by the secondary
hydration reaction of fly ash. Compared with the 0 freeze–thaw TRECC1 specimen, the
ultimate strength of the specimen decreased by 10.5%, 25.2%, and 44.7%, respectively,
after 100, 200, and 300 freeze–thaw cycles. For the B-TRECC1 specimen, compared with
0 freeze–thaw cycles, after 100, 200, and 300 cycles of freeze–thaw damage, it decreases
by 11.3%, 22.9%, and 43.4%, respectively. For C-TRECC1 specimens, compared with
0 freeze–thaw cycles, the damage of 100, 200, and 300 freeze–thaw cycles decreases by
17.2%, 28.2%, and 39.7%, respectively.

Due to the different production process of FRP, the bonding performance between
FRP and the cement matrix will also be different. When subjected to bending load, FRP
in TRECC specimens mainly exhibits tensile failure. Therefore, TRECC with CFRP shows
higher mechanical properties than CFRP grid cloth. The reasons for this are as follows:

Without freeze–thaw cycles, the ultimate load of B-TRECC1 and C-TRECC1 specimens
increases by 11.2% and 13.4%, respectively, compared with TRECC1 specimens. After
100 freeze–thaw cycles, the ultimate load of B-TRECC1 and C-TRECC1 specimens increases
by 7.2% and 14.9%, respectively, compared with that of TRECC1 specimens under 0 freeze–
thaw cycles. After 200 freeze–thaw cycles, the ultimate load of B-TRECC1 and C-TRECC1
specimens increases by 6.4% and 15.1%, respectively, compared with that of TRECC1
specimens under 0 freeze–thaw cycles. However, it decreases to the lowest after 300 freeze–
thaw cycles, with an increase of 5.5% and 25.9%, respectively, compared with TRECC1
specimens under 0 freeze–thaw cycles.

4.2. Performance Test of TRECC-NC Repair System
4.2.1. Bending Test Results

As shown in Figure 6, with an increase in the number of freeze–thaw cycles, TRECC1-NC
changes to a certain extent. After 0–150 freeze–thaw cycles, TRECC1-NC without roughness
experiences debonding after being subjected to external load. After 150–300 freeze–thaw
cycles, the specimen appears debonding at the bonding interface. Due to the existence of
roughness, the development of cracks is limited, and the failure modes include a single crack
along the load direction and multiple cracks along the load direction. The test results of
bond strength and residual percentage of TRECC1-NC under freeze–thaw cycles are shown
in Table 7. In order to consider the influence of different freeze–thaw cycles and different
roughness on the mechanical properties of the TRECC1-NC repair system, the data are
analyzed according to the results of three-point bending test, as shown in Figure 7.

Table 7. Three-point bending test results under different roughness and different freeze–thaw cycles.

Freeze–Thaw Cycles Influencing Factor Peak Load without
Roughness/kN

Peak Load under Low
Roughness/kN

Peak Load under High
Roughness/kN

0 cycle
TRECC1-NC 2.81 3.42 3.92

B-TRECC1-NC 3.69 4.36 5.36
C-TRECC1-NC 4.01 5.12 6.01

100 cycles
TRECC1-NC 2.96 3.74 4.02

B-TRECC1-NC 3.76 4.51 5.51
C-TRECC1-NC 4.11 5.6 6.19

200 cycles
TRECC1-NC 2.21 3.01 3.52

B-TRECC1-NC 2.96 3.82 4.98
C-TRECC1-NC 3.26 4.73 5.36

300 cycles
TRECC1-NC 1.21 2.03 2.51

B-TRECC1-NC 1.66 2.53 3.42
C-TRECC1-NC 1.98 3.36 3.97
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Figure 7. Peak load of TRECC-NC specimen with different roughness. (a) Roughness free; (b) Low 
roughness; (c) High roughness. 
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It can be seen from Table 7 and Figure 7 that compared with the three types of
TRECC1-NC specimens without roughness under 0 freeze–thaw cycles, the ultimate bearing
capacity of TRECC1-NC, B-TRECC1-NC, and C-TRECC1-NC increases by 23.8% and 29.9%,
respectively, at 0 freeze–thaw cycles, with the peak load reaching its highest point at
100 freeze–thaw cycles, increasing by 25.2% and 31.6%, respectively. With the increase of
the number of freeze–thaw cycles, freeze–thaw damage accumulates gradually in specimens
without interface roughness, resulting in the loading capacity of the specimens decreasing
by 21.3%, 19.7%, and 18.7%, respectively, compared to 0 times after 200 freeze–thaw cycles
and decreasing by 56.9%, 40.9%, and 29.5%, respectively, after 300 freeze–thaw cycles.

For the three types of specimens of TRECC1-NC, B-TRECC1-NC, and C-TRECC1-
NC with low roughness, the mechanical force between the interfaces offsets part of the
load when the specimens are subjected to load due to the existence of the roughness.
Under 100 freeze–thaw cycles, the ultimate loads of TRECC1-NC, B-TRECC1-NC, and
C-TRECC1-NC increase by 6.4%, 4.9%, and 7.4%, respectively, compared to those under
0 freeze–thaw cycles. However, with the increase in freeze–thaw cycles, the bonding
interface is continuously damaged, and the micro-cracks inside the specimen also continue
to develop, causing the strength of the specimen to decrease. After 300 freeze–thaw cycles,
the capacity reached its lowest point. Compared to 0 freeze–thaw cycles, the peak load
decreased by 48.6%, 46.7%, and 38.2%, respectively.

When the bonding interface of TRECC1-NC, B-TRECC1-NC, and C-TRECC1-NC has
high roughness, the cement paste of ECC undergoes hydration and hardening, creating
a transition zone on the surface of NC. The existence of the transition zone enhances the
performance of the specimen. When subjected to 0 freeze–thaw cycles, the ultimate load of the
specimen improves by 26.8% and 34.7%, respectively. After the secondary hydration reaction,
the ultimate load of the specimen subjected to 100 freeze–thaw cycles increases by 28.9% and
36.6%, respectively. However, with the continuous action of freeze–thaw cycles, the damage
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of the interface between the two continues to accumulate, and several small cracks at the cross
section continue to expand, reducing the interface bonding strength. After 300 freeze–thaw
cycles, the peak load of the specimens decreases by 2.3% and 6.1%, respectively.

4.2.2. TRECC0-NC Research on Interface Properties

Figure 8 shows the changes of tensile strength and ultimate tensile strain of TRECC0-
NC material after 0, 100, 200, and 300 freeze–thaw cycles. As shown in Figure 8a, the
chemical reaction of cement paste on the surface of TRECC0-NC results in the formation
of a weak transition zone at the interface. During repair, a water film is formed on the
surface of the old concrete, leading to a higher local water–cement ratio of the new concrete
at the bonding surface than the water–cement ratio of the system. This, in turn, increases
the porosity at the bonding interface and reduces the interface strength. After reaching
the ultimate load, the rebound of the strength curve exhibits a small rebound, and there
is no obvious strain-hardening characteristic. After 0 freeze–thaw cycles, the ultimate
bearing capacity is 1.49 MPa. With an increase in the number of freeze–thaw cycles,
the ultimate bearing capacity of the specimen initially increases first and then decreases.
The ultimate bearing capacity of the specimen reaches the maximum value of 1.6 MPa
under 100 freeze–thaw cycles. After 100 freeze–thaw cycles, it begins to decline, and after
300 cycles it will reach the minimum of 0.54 MPa.
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Figure 8. Stress–strain curve with different roughness. (a) No roughness TRECC0-NC; (b) Low 
roughness TRECC0-NC; (c) High roughness TRECC0-NC. 

For TRECC0-NC specimens with low roughness, as shown in Figure 8b, due to the 
existence of the roughness of the bonding surface, there is a slight ‘mechanical force’ phe-
nomenon between ECC and concrete. Under tensile load, the stress–strain curve rebounds 
after cracking, and strain-hardening characteristics begin to appear. Under the action of 0 
freeze–thaw cycles, the ultimate bearing capacity of the specimen is 1.87 MPa. With an 
increase in the number of freeze–thaw cycles, the cement matrix of the bonding surface 

Figure 8. Stress–strain curve with different roughness. (a) No roughness TRECC0-NC; (b) Low
roughness TRECC0-NC; (c) High roughness TRECC0-NC.

For TRECC0-NC specimens with low roughness, as shown in Figure 8b, due to the
existence of the roughness of the bonding surface, there is a slight ‘mechanical force’
phenomenon between ECC and concrete. Under tensile load, the stress–strain curve
rebounds after cracking, and strain-hardening characteristics begin to appear. Under the
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action of 0 freeze–thaw cycles, the ultimate bearing capacity of the specimen is 1.87 MPa.
With an increase in the number of freeze–thaw cycles, the cement matrix of the bonding
surface undergoes a secondary hydration reaction. After 100 freeze–thaw cycles, the
dynamic capacity damage of the concrete matrix material begins to accumulate, and the
ultimate bearing capacity of the specimen is 2.12 MPa. After 300 freeze–thaw cycles, the
ultimate bearing capacity of the specimen decreased to a minimum of 0.72 MPa. Figure 8c
shows that the TRECC0-NC specimen with high roughness shows good integrity between
ECC and concrete under tensile load. The bond surface remains intact when the specimen
is destroyed, and damage occurs inside the concrete. The uneven bond surface increases
the contact area, and the exposed concrete aggregate and the uneven interface enhance the
embedding effect between ECC and concrete. Due to the compactness of ECC, it effectively
fills the voids and gaps of the bond surface and enhances the bond strength. After 0 freeze–
thaw cycles, the ultimate bearing capacity of the specimen is 2.4 MPa. After 50 freeze–thaw
cycles, the secondary hydration reaction of fly ash occurs, and the ultimate bearing capacity
of the specimen is 3.21 MPa. After 100 freeze–thaw cycles, the freeze–thaw damage inside
the concrete continues to accumulate, and the ultimate tensile strength is 2.68 MPa. After
300 freeze–thaw cycles, the ultimate bearing capacity of the specimen is 0.97 MPa.

The test results of bond strength and enhancement percentage of the TRECC0-NC
repair system under freeze–thaw cycles are shown in Figure 9. For the three cases of
no roughness, low roughness, and high roughness, it can be observed that regardless of
whether the specimen undergoes freeze–thaw, the roughness between the bonding surfaces
can effectively improve the bond strength. The bonding performance of the reinforcement
system under high roughness is the best. The improvement of this performance mainly
comes from the mechanical interlocking at the interface and the limiting effect of fiber
in ECC on the dry shrinkage deformation and shrinkage deformation of cement matrix
materials. After 50 freeze–thaw cycles, the bonding strength of the system reaches the
highest. Compared to the flat surface, the ultimate tensile strength of the TRECC0-NC
reinforcement system (0 freeze–thaw cycles) under low roughness and high roughness
increases by 50.05% and 61.25%, respectively. After 50 freeze–thaw cycles, the ultimate
tensile strength of the TRECC0-NC reinforcement system under low roughness and high
roughness increases by 51.6% and 62.3%, respectively. After 100 freeze–thaw cycles, the
ultimate strength of the three types of reinforced specimens decreased. After 300 freeze–
thaw cycles, the ultimate tensile strength of the specimens decreases by 62.1% and 59.5%
compared to that under 0 freeze–thaw cycles. These results indicate that the change of
roughness at the interface can effectively improve the bonding performance of the repair
system under freeze–thaw action.
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mainly comes from the mechanical interlocking at the interface and the limiting effect of 
fiber in ECC on the dry shrinkage deformation and shrinkage deformation of cement ma-
trix materials. After 50 freeze–thaw cycles, the bonding strength of the system reaches the 
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compared to that under 0 freeze–thaw cycles. These results indicate that the change of 
roughness at the interface can effectively improve the bonding performance of the repair 
system under freeze–thaw action. 
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4.3. Microstructural Analysis
Microscopic Observation

Figure 10 shows the electron microscope image of the TRECC1-NC bonding interface
with plane roughness. The results indicate that the NC interface is affected by freeze–thaw
cycles. As the presence of a water film results in a local water–cement ratio higher than
the rest of the interface, excessive weak areas appear. Figure 10b displays a schematic
diagram of TRECC1-NC failure with roughness in the bonding interface under saturated
water conditions during the freeze–thaw cycle test. The osmotic pressure or hydrostatic
pressure in the hole of the specimen causes periodic irreversible damage to the concrete
matrix, which leads to the phenomenon of the concrete surface falling off and crisping. The
existence of roughness can effectively improve the bonding area of TRECC1-NC, reduce
the effect of an excessive weak area of the interface, and inhibit the erosion of freeze–thaw
damage along the bonding surface.
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In order to further study the internal microstructure of the TRECC1-NC repair system
under freeze–thaw cycles, SEM electron microscopy is employed to observe the typical
failure modes. As shown in Figure 11a,b, the structure of hydration products of NC changes
significantly under freeze–thaw cycles. NC is no longer a dense structure combined with
gel and crystal but a loose structure interwoven with needles or rods, showing disorder.
There are large pores in NC and bubbles in a completely closed state, and cracks gradually
appear. After the fracture slip between the fiber and the cement-based material, a large
quantity of the hydration products is still attached to the fiber (see Figure 11c). After the
fiber is broken, dense cracks appear on it. Due to the test of the specimen in the saturated
state, Ca(OH)2 will be produced in the gap between the fiber and the cement base, which
seriously reduces the bonding strength between the two. However, the pozzolanic activity
of fly ash results in the production of hydration products that reduce the production of
Ca(OH)2 crystals and enhance the bonding between the fiber and the cement matrix [1]. As
shown in Figure 11d, it can be observed that the FRP grid cloth has good bonding with the
cement matrix, and the failure section of the FRP fiber bundle is broken, indicating that
FRP plays a crucial role in the TRECC1-NC reinforcement system.
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5. Conclusions

The study investigates the effects of different freeze–thaw cycles on the mechanical
properties of ECC, ECC-FRP, and ECC-cement matrix repair systems with varying roughness
and types of FRP grid cloth. The following conclusions are drawn from the test results:

1. In the tensile test of TRECC, B-TRECC, and C-TRECC, with the increase of the num-
ber of freeze–thaw cycles, the strength of the three types of specimens increases
continuously. C-TRECC0 exhibits the best performance with an increase 55.3% for
100 freeze–thaw cycles and 50.8% for 200 freeze–thaw cycles compared to TRECC.
However, after 300 freeze–thaw cycles, the ultimate strength of the specimen is re-
duced by 23.4%, compared to 0 freeze–thaw cycles.

2. For TRECC1-NC, B-TRECC1-NC, and C-TRECC1-NC specimens, adding FRP grid
cloth or increasing interface roughness can effectively improve the strength of the
specimens, whether at room temperature or under the action of freeze–thaw cycles.
Due to the existence of roughness, the bite force and friction force between the bonding
interface are increased from 0 to 300 freeze–thaw cycles. The mechanical properties
with the highest roughness show the best mechanical performance. The reinforcement
effect of FRP is as follows: BFRP > CFRP > ECC.

3. With the increase of freeze–thaw cycles, the mechanical performance of the TRECC0-
NC repair system can be affected. The ultimate failure strength of the specimens with
three degrees of roughness increases initially and then decreases with the accumula-
tion of freeze–thaw cycles. Moreover, the bonding performance of the reinforcement
system with the highest roughness shows the best.

4. The ECC-NC repair system was found to be susceptible to freeze–thaw damage, and
the amount of surface spalling also showed a significant correlation with its flexural
strength. ECC exhibits good cracking control ability, which increases with the interfa-
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cial roughness and shows good frost resistance and secondary strengthening effect
under freeze–thaw cycles. However, as the freeze–thaw cycle process continues, their
cooperative working ability is weakened. Nevertheless, due to the dense compactness
of ECC, the internal fiber of ECC and the concrete matrix exhibits good adhesion even
after undergoing freeze–thaw cycles. It is found that the specimen can exhibit good
strain-hardening characteristics when it begins to fracture.

5. This study can effectively solve the problems of time-consuming, cumbersome steps
and expensive prices of traditional concrete reinforcement methods. Results indicate
that using B-TRECC or C-TRECC can maximize the mechanical properties of FRP
and limit the cracking process of concrete to a certain extent, which can be utilized to
reinforce the cracking components or damaged engineering structures in cold regions.
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