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Abstract: This article focuses on the effect of freeze-thaw cycling on a cement-based early-strength
anchor material, the compressive strength of which at 24 h is 14 times that of ordinary cement,
and the compressive strength at 7 h is twice that of ordinary cement. The setting time required
to achieve the expected strength is 1/7 of that of ordinary cement. Through indoor freeze-thaw
cycling tests, the appearance changes, quality loss, strength loss, and microstructure changes in the
early-strength anchor after 0, 5, 15, 25, 50, 75, and 100 cycles were studied, revealing the evolution of
the mechanical properties and micromechanisms of the cement-based early-strength anchor material
under freeze-thaw cycling conditions. The sample freeze-thaw failure criteria were determined,
evaluation indicators reflecting the degree of damage were defined, and their relationships with the
number of freeze—-thaw cycles were fitted to assess the durability of the cement-based early-strength
anchor material under freeze-thaw environments. This provides a theoretical reference for further
improvements in material properties and adaption to different environments.

Keywords: anchor material; cement-based early-strength anchor material; strength degradation;
freeze-thaw

1. Introduction

China has the third largest frozen soil area in the world, with the permafrost region ac-
counting for 22.83% of the country’s land area. A large number of engineering constructions
are distributed in the permafrost region, and after grouting and other engineering opera-
tions, the cementitious materials face the adverse effects of freeze-thaw environments [1].
The grouting body of cementitious materials is a composite body consisting of solid, liquid,
and gas phases. Under low-temperature conditions, water freezes and expands in volume,
exerting pressure on the two walls of the grouting body’s cracks. When the temperature
rises, the ice melts into water, which penetrates into the interior of the structure through
the pores on the surface of the grouting body, and at the same time, the pressure on the
two walls drops sharply, causing a rebound [2]. The transformation between ice and water
appears alternately on the surface and inside of the cementitious grouting body, and in
repeated freeze—thaw cycles, the cracks will expand and increase, thereby affecting the
mechanical properties of the cementitious materials [3].

The frost resistance of cement-based grouting materials is an important aspect of
performance evaluation, and in recent years, many scholars have focused on research at
low or ultra-low temperatures [4-6], as shown in Table 1.
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Table 1. Previous scholars’ research.

Range of Freeze-Thaw

Researchers Cycle Temperature/°C Samples Conclusion
PVA-ECC After 110 cycles, the concrete specimens had
Li [4] Not mentioned and cement severely deteriorated. ECC specimens
survived the test duration of 300 cycles.
.. B Applying freeze—thaw cycles reduced the
Najjar 5] 18-85 CEAM fracture energy of CEAM.
The evolution of FHS in the freezing process
Chen [6] —20~5 porous cement can be generally divided into three stages.
The thermal deformation is mainly affected
Zhang [7] —60~20 hardened cement by the freezing or melting of pore solution in
pores smaller than 8 nm.
SFRRuC are able to withstand 56 freeze—thaw
Alsaif [8] —15-20 SFRRuC cycles with acceptable scaling and without

presenting internal damage or degradation in
mechanical performance.

Johannesson [9]

Damage occurs in the temperature range of
—80~20 cement about —10~—55 °C, when the air content is
lower than about 4% of the total volume.

Among the scholars, Zhang et al. [7] innovatively explained the thermal deformation
trend of concrete at low temperature by analyzing the freezing point of a bulk solution and
pore solution in saturated hardened cement paste and found that the freezing of pore water
in pores smaller than 8 nm is a key factor affecting the low-temperature thermal deforma-
tion of cement-based materials. With the increase in the water—cement ratio, the thermal
strain and damage of cement-based grouting materials become more pronounced. Alsaif [8]
evaluated the freeze-thaw performance of steel-fiber-reinforced rubberized concretes (SFR-
RuC) engineered for flexible concrete pavements. The results showed that SFRRuC are able
to withstand 56 freeze-thaw cycles with acceptable scaling and without presenting internal
damage or degradation in mechanical performance. Johannesson [9] investigated samples
of concrete at different water-to-cement ratios and air contents subjected to freeze-thaw
cycles with the lowest temperature of about —80 °C. By adopting a novel technique, a
scanning calorimeter was used to obtain data from which the ice contents at different
freeze temperatures could be calculated. The results showed that damage occurred in the
temperature range of about —10 °C to —55 °C, when the air content was lower than about
4% of the total volume. In addition, an American scholar Powers [10,11] was the first to
propose two theories of failure, namely, hydrostatic pressure failure theory and osmotic
pressure failure theory.

Currently, there is a lack of research on the frost resistance of cement-based early-
strength anchor material, which makes it difficult to accurately evaluate its performance
changes when applied in the seasonal frozen zone environment. Freeze—thaw cycle testing
is a powerful tool for studying the frost resistance and durability of materials. The objective
of this study was to study the appearance changes, mass loss, strength loss, and microstruc-
ture changes in a cement-based early-strength anchor material through indoor freeze-thaw
cycle experiments and to reveal the evolution of mechanical properties and microscopic
mechanisms of the cement-based early-strength anchor material under freeze-thaw cycle
conditions with a view to provide a theoretical reference for further improvements in
material properties and adaption to different environments.
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2. Materials and Methods
2.1. The Cement-Based Early-Strength Anchor Material

Cement-based early-strength anchor material is a newly developed composite ce-
mentitious material which has undergone independent research and development. The
material ratio mainly includes main materials and auxiliary materials, from which, the
main materials are, by mass, 40% sulfoaluminate cement, 20% early-strength Portland
cement, 30% fine sand, 10% calcium sulfate, calcium carbonate, etc. Auxiliary materials
include MgO, silica fume, naphthalene-based water reducer, boric acid, etc. The mixing
standard used is a 0.28 water-to-material ratio.

The particle size distribution of cement-based cementitious materials is closely related
to their mechanical properties [12-14]. A Winner3003 dry laser particle size analyzer was
used to analyze the particle size distribution of the test material, and partial particle size
parameters of the cement-based early-strength anchor material used in this study were
obtained, as shown in Table 2. The particle diameters of 10%, 30%, and 60% of particles in
this material were 4.661 pm, 14.509 um, and 38.855 um. The particle size of the material
was relatively uniform, meaning the gradation of the material was poor. According to
engineering experience, the grading of anchor cable grouting materials is generally poor,
meaning the material met the grading requirements for anchor cable grouting materials.

Table 2. Particle size parameters.

Parameters d10 d30 d50 de60 d90
value/pum 4.661 14.509 29.987 38.855 195.195

2.2. Preparation of Compressive Strength Test Specimens

The water—cement ratio of this specimen was 0.3. We carried out the following prepa-
ration steps: First, the corresponding raw materials and water of the cementitious early-
strength anchoring material were weighed using a high-precision electronic balance (accu-
rate to 0.01 g), and the material was poured into the mixing drum of a mixer and stirred for
1 min. Then, water was added during stirring, and stirring continued for 5 min. After the
slurry was evenly mixed, the mixture was poured into a mold coated with a release agent,
air bubbles were removed via the usual vibration method, and the mixture was allowed
to stand at room temperature for 24 h before removing the mold. The specimen was then
placed in a standard curing oven with constant temperature and humidity and cured for
28 days in an environment with a set temperature of (20 & 3) °C and a relative humidity
of (95 £ 2)%.

By referring to previous research [15-18] and following the size standards suggested
by ASTM C39 [19], cylindrical specimens with a diameter of 50 &+ 1 mm and a length-to-
diameter ratio of 2.0 were made for mechanical performance testing, with no less than three
parallel specimens prepared for each group of experiments. After the specimens were made,
they were numbered and recorded according to the purpose of the test. The specimens
were then cured until the required age (28 days) and taken out for further testing.

2.3. Setting of Bond Strength Test Specimens
(1) Specimen preparation

The specimen for the tensile test is shown in Figure 1a. The rock material used was
granite from Qingdao, with dimensions of 15 cm x 15 cm x 18 cm. A hole with a diameter
(d) of 3 cm and a depth of 130 mm was drilled in the center of the specimen surface, and a
®15.2 mm steel strand with a length of 300 mm was chosen as the reinforcing body. This
was a destructive test, and the anchoring agent’s bond strength with the rock mass could
only be measured after the anchoring body was pulled out. To avoid the steel strand being
pulled out of the anchoring body, a compression sleeve with a diameter of 30 mm and a
length of 30 mm was pressed onto the end of the steel strand using a crimping machine
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(the bonding length between the anchoring body and the rock mass was 100 mm). A
compression sleeve was also set at the front end of the steel strand for clamping via the
testing machine.

Load 4
direction
o9 Extrusion Top extrusion sleeve
mm sleeve .
The chuck grip on the
testing machine moves
upwards
140
mm
Steel strand
Sample

Fixed between the upper
plate and the lower plate

Qg |

Clamp stick

The lower chuck of the
testing machine is clamped
and fixed

Extrusion |
sleeve |

(a) Specimen preparation (b) Fixtures (c) Tensile test
Figure 1. Schematic diagram of tension sample and test device setup.

(2) Design of specimen fixation device

The fixation device is shown in Figure 1b and is made of No. 45 high-strength steel.
During operation, the upper steel plate is removed vertically, and the prepared tensile
specimen is placed into the device diagonally. The lower steel plate supports the specimen
and connects the four threaded posts for load bearing. After the specimen is placed, the
upper steel plate is threaded through the steel strand in the specimen in the original
direction, so that the lower surface of the specimen is in contact with the upper surface
of the rock. Then, washers and spring washers are placed and tightened diagonally with
high-strength nuts.

(3) Tensile test

The loading device for this test was a WAW-1000B microcomputer-controlled electro-
hydraulic servo universal testing machine from Forceleader, as shown in Figure 1c, with a
range of 300 kN. This testing machine adopts a lower oil cylinder mainframe and is mainly
used for tensile, compression, bending, and shear tests of various metal and non-metal
materials, as well as some special tests of products.

2.4. Freeze-Thaw Cycling Test

The freeze-thaw cycling test in this study was carried out according to the meth-
ods for testing frost resistance of materials specified in ASTM C666 [20] and the “Stan-
dard Test Methods for Long-Term Performance and Durability of Ordinary Concrete”
(GB/T50082-2009) [21]. Currently, there are two main methods for conducting freeze-thaw
cycling tests on cementitious materials: rapid freezing and slow freezing [22,23]. The rapid
freezing method uses a “water freezing and thawing” process, where the test samples
are submerged in water during the entire testing process to simulate freeze—thaw cycles
through ice formation and melting [5]. The slow freezing method uses an “air freezing and
thawing” process, where the samples are exposed to both air and water during the testing
process and freeze in the air before melting in water to simulate freeze-thaw cycles [24-26].
Considering the actual conditions faced by cement-based early-strength anchor material in
grouting engineering, where the solidified body is exposed to a multiphase environment
during service instead of a single liquid phase, and in order to better simulate the freeze—
thaw environment in the winter season, this test adopted the “air freezing and thawing”
process for cycling [27].
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The test was conducted using the GDW-225 high- and low-temperature alternating
humidity test chamber produced by Tianjin Gangyuan Testing Instrument Factory, with
the main technical parameters shown in Table 3.

Table 3. Technical parameters of freeze-thaw cycle test equipment.

Machine Model = Temperature Range =~ Humidity Range Tempfa re{ture Cooling Rate Inner Box Size (mm)
Deviation
GDW-225 —40~110°C 20~98% RH +2°C >0.7~1.0 °C/min 500 x 600 x 750

As freeze—thaw cycling tests need to be conducted with samples saturated with water,
cured samples need to be soaked in (20 £ 2) °C water to saturation before a freeze-thaw
test. Before soaking, the dry weight of each sample needed to be measured. During soaking,
we ensured that the water level was 2-3 cm above the top of the sample. We continuously
tested the quality changes in the samples during soaking. According to the actual test
results, the quality of the samples would no longer increase after being soaked in water
for four days, which indicated that the samples had been saturated. After soaking, the
saturated samples were removed, residual water on the surface was wiped off with a wet
cloth, and the dry weight of the saturated surface of the sample was recorded, as well as
the appearance of the sample.

The compressive strength specimens and bond strength specimens were placed in the
center of the test box for freezing. The freezing time was recorded from the time when
the temperature inside the box dropped to —18 °C, and the freezing time was 4 h. The air
temperature in the freeze-thaw test box was maintained at —20 °C during the freezing
period. After the freezing was completed, we immediately put the samples in water at
20 °C to melt, and the water level should have been 2-3 cm above the top of the sample.
The melting time was 4 h. When the melting was completed, the freeze—thaw cycle was
completed, and the next cycle began. The duration of each freeze-thaw cycle in this test
was 8 h. The test was designed to conduct 5, 15, 25, 50, 75, and 100 freeze-thaw cycles.
After the samples in each group reached the designated number of freeze-thaw cycles,
they were taken out, and their appearance changes and residual weight were observed and
recorded before strength tests were conducted on them.

3. Results
3.1. Microscopic Morphological Changes

Upon visual inspection of the cement-based early-strength anchor material samples
after different freeze—thaw cycles, it was found that all groups of samples had trace amounts
of pores on their surfaces. After 50 cycles, there was no significant increase in pore size,
crack propagation, or peeling on the surface of the samples. After 75 cycles, slight shedding
occurred at the edge of the samples. After 100 cycles, obvious chunky peeling appeared on
the surface of the samples, and the external microcracks extended to a certain degree, but
there were no large cracks or net-like cracks that could penetrate the sample.

To more intuitively observe the microscopic morphological changes in the cement-
based early-strength anchor material after freeze-thaw cycling, fresh sections of the samples
with different cycle numbers were selected after uniaxial compression testing and were
observed and analyzed using a scanning electron microscope (SEM) at a magnification of
5000 times after freeze-drying. The scanning images are shown in Figure 2.
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Figure 2. SEM of cement-based early-strength anchor material agent specimens after freeze—
thaw cycles.

The observation from Figure 2 shows that the surface of the non-frozen-thawed sample
was relatively flat, with few pores and microcracks, high bond strength of the cement matrix,
and tight contact between particles, indicating good microstructural density. After 15 freeze—
thaw cycles, the surface showed slight protrusions and wrinkles, and there was a slight
increase in pore size and quantity, but no obvious crack development was observed. After
50 cycles, the surface became rougher, and the bond strength of the cement matrix decreased,
resulting in a reduction in the effective contact area between particles. At the same time,
blocky cracking and layering of microcracks were observed, leading to reduced density.
When the freeze-thaw cycle reached 100 times, due to the repeated freezing and thawing
of water, combined with the joint action of frost heaving, compression and water seepage,
the surface of the sample became uneven, with a significant increase in pore structure and
microcrack interconnectivity. The originally dense cement matrix structure became “leaky”,
and “tearing” and peeling occurred locally. The microstructural mechanism of freeze-thaw
damage to the cement-based early-strength anchor material sample can be summarized
in Figure 3. Figure 3 shows that under the continuous accumulation of the number of
freeze—thaw cycles, the original bonding relationship of the material was further destroyed
due to the action of water, and some cracks and fine holes appeared. Cracks and holes
further expanded with the freeze-thaw cycle, and after connection, the material fell off
locally, causing the material to deteriorate continuously.



Sustainability 2023, 15, 7773

7 of 14

Microfractures from freeze-thaw

v
. Freeze-thaw
. <= Soil particle cycles m

Cementitious material
.

Local cracking

Figure 3. Micro-mechanism of influence of freeze-thaw cycles on cement-based early-strength anchor
material agent specimens.

The freezing and thawing cycles weakened the overall microstructure of the cement-
based early-strength anchor material, causing a loss in quality and a decrease in the
mechanical strength of the sample on a macroscopic level. In future studies on improving
the frost resistance of cement-based early-strength anchor material, appropriate materials
can be added to the raw material to enhance the bonding of the cementitious material in the
freezing and thawing environment, increase the bonding area between materials, reduce
the migration of water, and maintain the integrity of the interface.

3.2. Compressive Strength

Compressive strength is closely related to other mechanical and deformation parame-
ters, such as tensile strength, elastic modulus, and peak strain, and it is the most important
indicator for testing the mechanical properties of cementitious materials [28]. In order to
evaluate the mechanical properties of the cement-based early-strength anchor material
after freeze—thaw cycles, uniaxial compression tests were carried out on the cement-based
early-strength anchor material samples treated with different freeze-thaw cycles, and the
average compressive strength variation with freeze-thaw cycles was obtained, as shown
in Figure 4. After 5, 15, 25, 50, 75, and 100 freeze-thaw cycles, the average compressive
strengths of the samples were 26.63 MPa, 26.02 MPa, 24.95 MPa, 23.13 MPa, 21.51 MPa, and
20.49 MPa, respectively. Compared with the 0-cycle group that did not undergo freeze—
thaw cycles with a compressive strength of 28.31 MPa, the compressive strength of the
samples decreased by 5.94%, 8.11%, 11.88%, 18.30%, 24.03%, and 27.62%, respectively. It
can be seen that freeze—thaw cycles led to a deterioration in the compressive strength of
the cement-based early-strength anchor material samples, and the compressive strength
showed a gradual decrease trend with the increase in the number of freeze-thaw cycles.

30

Ny,

Number of freeze-thaw cycles

Compressive strength / MPa

Figure 4. Changes in mean compressive strength of cement-based early-strength anchor material
agent after different freeze—thaw cycles.
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3.3. Stress—Strain Relationship

The stress—strain relationship reflects a material’s fundamental mechanical properties
and is the primary basis for studying its mechanical strength and deformation character-
istics [29]. In order to have a more intuitive understanding of the effect of freeze—thaw
cycles on the strength and deformation of the cement-based early-strength anchor material,
the stress—strain curves of the saturated specimens in each group of the experiment were
compared under uniaxial compression testing. The results are shown in Figure 5. The com-
pressive stress—strain curve of the cement-based early-strength anchor material specimen
can be divided into four stages: the dense compression stage, the elastic growth stage, the
yield stage, and the residual stage. During the initial compression stage, the specimen’s
internal pores were gradually compacted and reduced, the specimen’s stiffness increased,
and the curve showed an upward concave shape. The curve grew approximately linearly
as compression continued, indicating that the specimen entered the elastic stage. When
compression reached a certain degree, the curve no longer changed linearly. At this point,
the internal damage to the specimen intensified, and the curve became concave, entering
the yield stage. When the stress reached the peak value, the specimen failed, and the curve
changed sharply. We continued to load the specimen, and the stress no longer increased,
while the strain continued to increase, entering the residual stage. During the compres-
sion process, the stress—strain curve of the cement-based early-strength anchor material
specimen showed a strain-softening type. After the stress reached the peak value, the
specimen underwent brittle fracture, and the stress value dropped rapidly. As the number
of freeze—thaw cycles increased, the compressive stress—strain curve of the cement-based
early-strength anchor material specimen gradually decreased in the growth stage before
yield, and the yield stage curve gradually flattened, with significant decreases in peak
stress and curve slope. We believe that this was caused by the deterioration of the bonding
relationship of the material by the freeze—thaw cycle; with the increase in the number of
freeze—thaw cycles, at the microscopic level, the bonding relationship between the material
particles was further destroyed under the action of the intermolecular force of water, re-
sulting in microcracks and holes, and with the increasing number of freeze—thaw cycles,
the holes and cracks continued to expand, further deteriorating the bonding relationship
between the material particles. This resulted in a mechanical reduction in the maximum
stress value to which the material was subjected. At the same time, the material no longer
underwent the crack generation-propagation stage when it was pressed, but the existing
cracks directly began to propagate, which corresponded to the gradual decrease in the slope
of the stress—strain curve in the stage before the yield of the material mentioned above.

Freeze-thaw cycles 0 times
—A— Freeze-thaw cycles 5 times
30 i e
Freeze-thaw cycles 15 times
—¥— Freeze-thaw cycles 25 times A-A-AA L
L Freeze-thaw cycles 50 times aA” — A\
—®— reeze-thaw cycles 75 times A~ v/v"' "Vy
d’g Freeze-thaw cycles 100 times A ’v/v' o0 /K_‘!" ..
s S 7o & MR
s A U ®
~ v N
o - v ®
7] 4
5 A
=
=
0]
1 L 1 i | L
0.12 0.16 0.20 0.24

Strain / %

Figure 5. Compressive stress—strain curve of cement-based early-strength anchor material after
freeze—thaw cycles.
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The peak strain is an important indicator reflecting the deformation ability and can
be used to analyze the deformation characteristics of cement-based adhesive materials.
The peak strain of each group of samples in the characteristic stress—strain curve was
selected, and the ratio of the peak strain after freeze—thaw cycling to that of the control
group (0 cycles) is listed in Table 4. The variation in the peak strain ratio with the number
of freeze—thaw cycles was obtained and is shown in Figure 6.

Table 4. Peak strain of specimens after freeze—thaw cycles.

Freeze-Thaw Cycle Number Peak Strain epleg
0 0.14531% 1
5 0.14875% 1.023674
15 0.15219% 1.047347
25 0.15625% 1.075287
50 0.16469% 1.13337
75 0.18375% 1.264538
100 0.19250% 1.324754
1.35
1.30
1.25
o 120 -
- L
© 1.15
F Pearson's r 0.99347
1.10 - R-squared (COD) 0.98698
i Adjusted R squared | 0.98438
1.05
1.00 I L | L | L |

0 20 40 60 80 100

Number of freeze-thaw cycles

Figure 6. Changes in the peak strain ratio of specimens with freeze-thaw cycles.

According to the experimental data, the strain at which the sample reached the peak
stress gradually increased with the number of freeze-thaw cycles, and the peak strain ratio
was linearly correlated with the number of freeze-thaw cycles. Freeze-thaw cycling caused
the internal pore water of the saturated sample to switch between ice and water phases,
and the compressive force generated by volume expansion and contraction and the seepage
force generated by water flow constantly damaged the internal structure of the sample.
This led to an increase in the deformation when the sample reached its peak failure with an
increase in the number of freeze—-thaw cycles.

4. Discussion
4.1. The Effect of Freeze—Thaw Cycling on Bond Strength

The calculation of ultimate bond strength in this paper is based on the average shear
stress theory. The ultimate average bond strength is calculated using the peak load during
the tension process using the testing machine, as shown in Equation (1):

E _
Tma = 7107 )
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where:

Tma—ultimate average bond strength (MPa);
Fm—ultimate load (kN);

d—diameter of the anchor (m);

[—length of the anchor (m).

Based on the test results under normal curing conditions, the maximum bearing ca-
pacity of the cement-based early-strength anchor material bonded to the granite specimen
interface was 60.32 kN. The maximum bearing capacities after 25, 50, 75, and 100 freeze—
thaw cycles were 53.70 kN, 49.39 kN, 47.12 kN, and 45.36 kN, respectively. The load-
displacement curves of each test block after freeze—thaw cycles are shown in Figure 7. It
can be seen from the figure that with the increase in the number of freeze-thaw cycles, the
compressive strength of the test block gradually decreased, and the two were positively
correlated, and the maximum reduction in the test block strength was about 25%. Consid-
ering the microscopic performance of the test block after a freeze—thaw cycle, microcracks
occurred in the test block due to the freeze-thaw cycle, and these microcracks continued to
expand and expand with the increase in the number of freeze—thaw cycles, which further
destroyed the interparticle bonding structure of the test block, so that the compressive
strength of the test block decreased with the increase in the number of freeze—thaw cycles.

70
i Freeze-thaw cycles 100 times,
60 - 60.32kN Freeze-thaw cycles 75 times
- 53.70 kKN Freeze-thaw cycles 50 times,
50 - 4939kN PR Freeze-thaw cycles 25 times,
45.36 KN . Freeze-thaw cycles 0 times

Tensile loads / kN

PN R R (R T ST S
0 5 10 15 20 25 30 35 40 45

Displacement / mm

Figure 7. Load—displacement curve of each test block after freeze—thaw cycle.

The change in bond strength with the number of freeze-thaw cycles calculated ac-
cording to Formula (1) is shown in Figure 8. According to the data in the figure, it can be
seen that the bond strength between the cement-based early-strength anchor material and
granite gradually decreased with the increase in the number of freeze—-thaw cycles.

8

7

6

LLLLL

Number of freeze-thaw cycles

W

Bond strength / kN
w A

(i8]

—

Figure 8. Changes in bond strength with the number of freeze-thaw cycles.
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4.2. Assessment of Damage Degree after Freeze—Thaw Cycling

In order to more intuitively assess the degree of damage to the cement-based early-
strength anchor material samples after freeze-thaw cycling in this experiment, referring
to the relevant content on freeze-thaw damage in Specification [21], the standard for the
damage to the cement-based early-strength anchor material samples after freeze—thaw
cycling is defined as a mass loss rate of 5% or a bonding strength decrease to 75%. Since
there are certain errors and limitations in evaluating durability based on a single factor, a
damage index w [30] that can represent the degree of sample damage after freeze-thaw
cycling is defined in combination with the damage criteria. The expression is:

5% —s1 Af. —75%

— 14
w=1+—0 25%

@

where S; is the mass loss rate of the sample after freeze—thaw cycling, and Af. is the
percentage of the residual bonding strength of the sample after freeze-thaw cycling. When
S1 > 5% and Af. < 75%, the result is marked as “+”; otherwise, it is marked as “—".

Based on the freeze—-thaw test data, the relationship between the w value and the num-
ber of freeze-thaw cycles is shown in Figure 9. The w value comprehensively reflects the
damage caused by mass loss and strength loss during freeze-thaw cycles and can be used
to determine the degree of damage to the specimen through experimental measurement,
which is influenced by the mass loss rate and bond strength loss rate [31]. According to
Equation (3) and Figure 9, when the w value is 0, it means that the specimen has not been
damaged by freeze—thaw cycles; the smaller the w value, the lesser the degree of damage
caused by freeze-thaw cycles, and the larger the value, the greater the degree of damage.
According to the specimen failure criteria defined in this experiment, when w > 1, the
specimen is considered to have failed due to freeze—thaw effects. In this experiment, the
degree of damage, or the w value, of the cement-based early-strength anchor material spec-
imen increased with the number of freeze-thaw cycles experienced, and the relationship
between the degree of damage w value and the number of freeze—thaw cycles was obtained
by fitting, which can be expressed as:

w=A N2+B G)

where A and B are parameters related to freeze-thaw tests, A = 0.112 £+ 0.005 and
B =—0.038 £ 0.03; N represents the number of freeze-thaw cycles, and the curve fitting is
good. According to Formula 3it can be seen that the cement-based early-strength anchor
material specimen in this experiment had w > 1 after approximately 86 freeze—-thaw cycles.
That is, the frost resistance of the cement-based early-strength anchor material specimen
within 85 freeze-thaw cycles in this experiment can be considered as good.

12
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o R-squared (COD) 0.99088
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Figure 9. Damage degree of the cement-based early-strength anchor specimens after freeze—
thaw cycles.
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5. Conclusions

This study mainly analyzes the results of the freeze-thaw cycle test under the harsh
environment of a simulated permafrost region. By analyzing the changes in the appearance,
mass loss, failure mode, macro-mechanical properties, and microstructure of the cement-
based early-strength anchor material samples treated with different freeze-thaw cycle
numbers, the evolution laws and micro-mechanisms of the material’s mechanical properties
after freeze—thaw cycles are explained. The following main conclusions are drawn:

(1) After5,15,25,50,75, and 100 freeze-thaw cycles, the average compressive strength of
the samples decreased by 5.94%, 8.11%, 11.88%, 18.30%, 24.03%, and 27.62%, respec-
tively, compared with the control group without freeze-thaw cycles. The compressive
strength showed a decreasing trend with the increase in the cycle number.

(2) As the freeze—thaw cycles increased, the growth segment of the curve before reaching
the yield point decreased gradually, and the curve in the yield segment became
smoother. The strain at the peak stress of the sample increased with the increase
in the freeze-thaw cycle number, and the ratio of peak strain to initial strain éD/e0
was linearly related to the cycle number. After reaching the peak stress, the sample
underwent brittle failure.

(3) The SEM analysis shows the surface of the sample without freeze-thaw treatment was
relatively flat, with fewer pores and microcracks, a higher bonding degree of the cement-
ing material, tighter contact between particles, and good microstructure compactness.

(4) Freeze-thaw cycles cause continuous switching of the internal pore water between ice
and water, and the extrusion force generated by volume expansion and contraction
and the seepage force generated by water flow continuously damage the internal
structure of the sample, making the deformation at the peak damage of the sample
increase with the increase in the freeze—thaw cycle number, and the stiffness of the
sample and its ability to resist deformation decrease.

(5) Insubsequent studies on frost resistance improvement, appropriate materials can be
added to strengthen the connection between cementing materials in the freeze—thaw
environment, increase the contact bonding area between materials, and weaken the
migration of water to maintain the integrity of the interface.

(6) In this paper, the effect of freeze-thaw cycles on cement-based early-strength anchor-
age materials was studied. There is still something to be desired. For example, the
number of freeze-thaw cycles was still relatively small in comparison to reality. Due
to equipment limitations, the temperature range in the freeze—thaw cycle was small,
which means it was difficult to reflect the performance of a specimen in extreme
cases, etc.
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