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Abstract: To investigate the load-bearing characteristics of anchor rods under asymmetric freezing
conditions such as those in cold regions and the effect of frost swelling, a model test device was
developed using a controlled-temperature environmental box and a hydraulic actuator. Laboratorial
pull-out model tests of anchor rods in soil layers were conducted at different moisture contents
and freezing temperatures, the changes in anchor rod pull-out force before and after freezing were
quantitatively described, load–displacement relationship curves were prepared, and the frost swelling
displacement of anchor rods under asymmetric freezing conditions and the stress evolution of
surrounding soil were observed and recorded. The shear strength of the anchor–soil interface
increased with decreasing temperature, and the ultimate values of the pull-out force at 0, −3 and
−7 ◦C were 4, 17.04 and 18.1 times greater than those at room temperature, respectively, for 10%
water content. The pull-out force of the frozen anchor increased with increasing water content. The
bolts were displaced by the freezing expansion force. Their lateral displacements at 0, −3 and −7 ◦C
were 2.9, 3.2 and 3.5 mm, respectively, and their vertical displacements were 0.2, 3.5 and 4.3 mm,
respectively, for 10% water content. The total displacement increased with increasing moisture
content, and the maximum transverse displacements were 3.5, 3.65 and 3.8 mm for 10, 12 and 14%
water contents, respectively, and 4.3, 5.1 and 5.5 mm in the vertical direction, respectively. The
ultimate pull-out forces after freezing and thawing were 71, 68 and 52% of that before freezing for 10,
12 and 14% water, respectively.

Keywords: cold regions; bolt; asymmetric freezing

1. Introduction

With the advantages of good mechanical properties, high reinforcement efficiency
and good elasticity, anchor rod reinforcements are widely used in slope reinforcement,
pit support, roadway excavation and other projects [1–3]. The stability and mechanical
properties of loosely packed soils are enhanced by anchor reinforcement [4]. In some cold
regions, the migration and formation of ice by water in soil at low temperature causes the
soil around the anchor rod to enter a freeze state under the negative temperature load. The
water in the soil solidifies into ice crystals that are immobile, expand in volume and fill the
pores between the soil particles. The presence of ice crystals causes soil particles to crowd
and changes the mechanical properties of soil.

Many scholars have studied the nature of permafrost. Some scholars evaluated the
shear strength of frozen soil by direct shear tests [5–14]. Chen [15] developed model pile-
testing equipment and used it to conduct several field freezing strength tests. The results
showed that the freezing strength and residual freezing strength increased linearly with
decreasing temperature. There is a limiting value of water content in frozen soil. When the
water content in the soil is less than this value, the freezing strength and residual freezing
strength increase with increasing water content and conversely decrease with increasing
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water content. Li et al. [16] believed that the shear strength of permafrost increased linearly
with decreasing temperature when the shear strength was shared by ice crystals and
soil particles. Liu et al. [17] launched a large-scale direct shear test on permafrost soil
and plotted shear stress–displacement curves. They considered that the damage process
consisted of five parts: elastic deformation, plastic deformation, integral sliding, strain
hardening and residual strength stabilization. The peak shear strength was linearly related
to temperature and normal stress and nonlinearly related to the moisture content of the
soil, and the moisture content had a more significant effect than temperature on the peak
strength. The shear strength of frozen soil was related to the shear rate in the direct shear
test. Xu et al. [18] considered the shear strength of permafrost to be influenced by the
rate of damage, and the peak shear decreased with increasing shear rate. Andersland and
Ladanyi [19] believed that the shear strength of permafrost was affected by the surrounding
pressure of the soil. When the surrounding pressure was larger, the soil particles squeezed
one other to increase soil compaction; however, the fracture of ice crystals was restricted,
and the internal friction of the soil was enhanced. In contrast, Jones [20] believe that when
the surrounding pressure was small, the water between soil particles produced a greater
degree of expansion during freezing, which reduced the relative compaction of the soil and
soil strength. Apparently, in the perennial permafrost region, there is strength anisotropy
in the soil due to the formation of ice wedges according to Yang et al. [21].

The change in the underground environment temperature affects the load-bearing
capacity of the soil mass and then changes the stress conditions of the underground
infrastructure. Some engineering structures, such as underground pipe galleries, retaining
walls and anchorage systems, are damaged [22]. The stress state and pull-out resistance
of the anchor change due to the frost heaving force. Some scholars evaluate the bearing
capacity of the frozen soil anchor through the shear strength of the interface between
the bolt and frozen soil and analyse the influence of various factors on the load-bearing
characteristics of the anchor and the safety of the anchoring project.

Aldaeef and Rayhani [23] proposed the “m” coefficient to evaluate the roughness of
the interfaces of anchors in frozen sand. The shear strength of the interface was related to
the cohesion and friction of the frozen soil. The peak strength of the sample increased with
decreasing exposure temperature and increasing normal stress change rate, and the “m”
coefficient decreased with decreasing temperature.

In the available research on frozen soil [24–28], some scholars studied the effects
of freezing temperature, soil confining pressure, dry density and water content on the
interfaces between frozen soil and structures. The results showed that the shear strength of
the anchor–soil interface increased linearly with decreasing temperature and increasing
normal stress. When the temperature rose, the anchorage bearing capacity was obviously
lost. The pull-out resistance of the frozen soil anchor was several times or even more
than ten times that of unfrozen soil. In anchoring projects, the axial force of the anchor
in the initial freezing state significantly increased [29,30]. When the temperature rose, the
axial force decreased rapidly when the frozen soil melted, and it was difficult for the axial
strength to recover to the level before freezing. Additionally, the anchoring force on soil
after frozen soil thawed decreased year by year.

Johnston [31] and Aldaeef [32] considered that every time the soil freezes and thaws,
the underground structure inevitably produces relative dislocation with the surrounding
soil, the frost heaving force has a creep effect on the underground structure, and its bearing
capacity changes with creep displacement. The displacement of the structural damage
position of the slope anchor in the seasonal freezing area occurs frequently due to freezing
expansion and thawing settlement [33–35]. Damage to the anchor bolt by the pull-out force
is caused by freezing and thawing cycles. Zhang et al. [36] considered that the ultimate
pull-out bearing capacity of the bolt decreased with increasing number of freeze–thaw
cycles, and freeze–thaw damage was relatively rapid. In the past, research on anchor bolts
in frozen soil focused on the relationship between freezing parameters and shear strength
but did not pay enough attention to the freezing method, and most studies adopted one-
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way freezing. However, the transmission direction of a negative temperature load in nature
often has a certain angle with respect to the structure. For example, in slope engineering in
cold regions, the frozen front is constantly diffusing inwards from the slope surface, and
the temperature gradient line intersects the anchor rod in a nonvertical direction. This leads
to the anchor rod entering an asymmetric freezing state, and the two sides bear asymmetric
frost heaving forces, as shown in Figure 1. In this study, the load-bearing characteristics
of anchors under asymmetric freezing conditions were studied by indoor pull-out tests of
frozen soil bolts.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 21 
 

freeze‒thaw cycles, and freeze‒thaw damage was relatively rapid. In the past, research on 
anchor bolts in frozen soil focused on the relationship between freezing parameters and 
shear strength but did not pay enough attention to the freezing method, and most studies 
adopted one-way freezing. However, the transmission direction of a negative temperature 
load in nature often has a certain angle with respect to the structure. For example, in slope 
engineering in cold regions, the frozen front is constantly diffusing inwards from the slope 
surface, and the temperature gradient line intersects the anchor rod in a nonvertical 
direction. This leads to the anchor rod entering an asymmetric freezing state, and the two 
sides bear asymmetric frost heaving forces, as shown in Figure 1. In this study, the load-
bearing characteristics of anchors under asymmetric freezing conditions were studied by 
indoor pull-out tests of frozen soil bolts. 

 
Figure 1. Schematic diagram of asymmetric freezing of a bolt. 

2. Methods and Material Studied 
2.1. Material Parameters and Anchor Preparation 

The test filler was fine sand with different moisture contents, and the relationship 
between the peak shear force and vertical stress of the damaged interface of the soil 
sample was obtained by direct shear tests. The sand comes from Wushen County, Inner 
Mongolia, China. The Cullen–Moore criterion was used to analyse the damaged interface 
to determine the friction angle and soil cohesion within the soil, as shown in Table 1. 

Table 1. Sand parameters.  

w/% c/kPa φ/° 
10 12 24.2 
12 10.5 24.0 
14 9.6 23.7 

According to the table, the internal cohesion of wind-deposited sand decreased 
continuously by 20% when the water content increased from 10 to 14%, while the internal 
friction angle changed very little. 

The prefabricated anchor rod selected for this test was made of M8 threaded wire rod 
and cement mortar, the thread material was steel with good corrosion resistance, and the 
cement was ordinary silicate cement with strength grade PO. 42.5. The cement was poured 
and initially settled in a custom mould. The main body of the mould was an acrylic hollow 
tube, 300 mm long, with inner diameters 30, 35 and 40 mm and wall thickness 2 mm. For 
later demoulding, the mould was cut along the longitudinal axis and coated with machine 
oil before cement was cast. After pouring, the anchor was left to stand for 24 h, and the 

Figure 1. Schematic diagram of asymmetric freezing of a bolt.

2. Methods and Material Studied
2.1. Material Parameters and Anchor Preparation

The test filler was fine sand with different moisture contents, and the relationship
between the peak shear force and vertical stress of the damaged interface of the soil sample
was obtained by direct shear tests. The sand comes from Wushen County, Inner Mongolia,
China. The Cullen–Moore criterion was used to analyse the damaged interface to determine
the friction angle and soil cohesion within the soil, as shown in Table 1.

Table 1. Sand parameters.

w/% c/kPa ϕ/◦

10 12 24.2
12 10.5 24.0
14 9.6 23.7

According to the table, the internal cohesion of wind-deposited sand decreased contin-
uously by 20% when the water content increased from 10 to 14%, while the internal friction
angle changed very little.

The prefabricated anchor rod selected for this test was made of M8 threaded wire rod
and cement mortar, the thread material was steel with good corrosion resistance, and the
cement was ordinary silicate cement with strength grade PO. 42.5. The cement was poured
and initially settled in a custom mould. The main body of the mould was an acrylic hollow
tube, 300 mm long, with inner diameters 30, 35 and 40 mm and wall thickness 2 mm. For
later demoulding, the mould was cut along the longitudinal axis and coated with machine
oil before cement was cast. After pouring, the anchor was left to stand for 24 h, and the
anchor was demoulded and maintained after the initial setting. The ratio of cement mortar
was ordinary silicate cement:standard sand:water = 1:1:0.43. Finished anchors are shown in
Figure 2. The compressive strength test shows that the mortar has a compressive strength
of 21 MPa.
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Figure 2. Bolt models.

2.2. Testing Equipment

To study the effect of low-temperature environments on the anchorage force, a model
test device was designed based on a controlled-temperature environment box and a hy-
draulic actuator. The device consisted of a movable reaction frame, actuator with hydraulic
fixture, actuator control and acquisition system, servo oil source power system, refriger-
ation system, and a controlled-temperature environment box. The schematic diagram is
shown in Figure 3.
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Figure 3. Schematic diagram of the test equipment.

In this test, an MXX-600 multifunction model test box was used to mainly undertake
the role of holding test materials and providing a negative temperature environment. The
main body was a hollow cube with four side walls, and it was welded steel. The outer
diameter was 830 mm × 83 0 mm × 1000 mm (L × W × H), the thickness of the side walls
was 115 mm, and the inner diameter of the model box was 600 mm × 600 mm × 980 mm
(L × W × H). The surrounding side walls were internally connected hollow structures,
where antifreeze circulated when a negative temperature load was applied.

In this test, the asymmetric freezing mode was achieved by placing insulation boards
of different heights inside the box, with 600 mm high insulation boards on three sides and
300 mm high insulation boards on one side; the unshaded area was the freezing area, which
was 300 mm × 300 mm. The top view of the model box and the negative temperature load
propagation schematic are shown in Figures 4 and 5, respectively. The test equipment was
manufactured by JiLin Guanteng Automation Technology Co., Ltd. (Changchun, China).
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2.3. Testing Process

In this study, we considered the influence of the anchorage diameter, moisture content
and ambient temperature and evaluate combinations of parameters and variables. The
test was mainly divided into three components: the first component was the static pulling
test in laboratorial temperature environment; the second was the static pulling test under
asymmetric freezing with different negative temperature conditions; and the third was
the static pulling test after freeze–thaw damage. The freeze–thaw process was freezing
to −7 ◦C and then thawing to room temperature. The test conditions are shown in the
following Table 2.

The prefabricated anchors were fixed by anchor aligners, and the layered filling
method was used to fill the environmental model with soil and to lay earth pressure boxes
and temperature sensors at predetermined monitoring locations. The soil pressure box was
vertically laid in the horizontal direction with sensors from No. 1 to No. 5 to collect the
horizontal stress. No. 1 was 50 mm from the right wall, and the distance from pressure box
No. 2 was 100 mm; No. 3 was placed near the anchor, and Nos. 4 and 5 were symmetrically
arranged with respect to Nos. 2 and 1. Longitudinally from top to bottom, Nos. 6 to 9
were transversely laid to collect the vertical freeze pull-out force. No. 9 was placed 150 mm
above the bottom plate, No. 6 was located 150 mm below the soil surface, and the rest of
the spacings were 100 mm.

The temperature sensors were laid in a horizontal × vertical direction of 5 × 4. The
negative temperature load was applied after the filling was completed. The collection of
earth pressure and temperature sensor data was completed during the freezing process;
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pulling was performed when freezing to the corresponding temperature. The filling process
is shown in Figure 6.

Table 2. Test conditions.

Bolt
Diameter/mm Number Moisture

Content/% Temperature/◦C Anchorage
Volume/m3

30 1 10 23 0.021
35 2 10 23 0.029
40 3 10 23 0.038

30 4 12 23 0.021
35 5 12 23 0.029
40 6 12 23 0.038

30 7 14 23 0.021
35 8 14 23 0.029
40 9 14 23 0.038

30 10 10 0 0.021
30 11 12 0 0.021
30 12 14 0 0.021

30 13 10 −3 0.021
30 14 12 −3 0.021
30 15 14 −3 0.021

30 16 10 −7 0.021
30 17 12 −7 0.021
30 18 14 −7 0.021

30 19 10 Melted 0.021
30 20 12 Melted 0.021
30 21 14 Melted 0.021Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 21 
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3. Results and Analyses
3.1. Analysis of the Results of the Indoor Pulling Test of the Bolt
3.1.1. Influence of the Anchor Size on the Ultimate Pull-Out Force

To further study the influence of the anchorage size on the bearing characteristics
of uplift resistance, anchors with diameters of 30, 35 and 40 mm were selected as the
comparison conditions, and soils with moisture contents of 10, 12 and 14% were combined
for indoor pulling tests. The results are shown in Figure 7.
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For force-displacement data, a variety of functions were tried to fit, and the exponential
function was found to be more appropriate. The curves of load-bearing capacity of the
bolt vs. axial displacement of the bolt for different anchor sizes are shown in Figure 7.
According to the analysis:

(1) The pull-out force of the anchor rod increased with increasing axial displacement, and
the pull-out damage process could be divided into three stages: “fast growth”, “slow
growth” and “constant growth”. Phase 1: The pull-out resistance increased rapidly
with increasing pull-out displacement between 0 and 1 mm. Taking the water content
of 10% as an example, the pull-out resistance of the 30 mm diameter anchor rod
increased by 0.4 kN during this stage, while for bolts with 35 and 40 mm diameters,
the pull-out force increased by 0.43 kN and 0.52 kN, respectively, accounting for
84% of the respective ultimate pull-out resistance, and the force–displacement curve
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maintained a linear increase. Phase 2: The pull-out force increased slowly with
increasing displacement from 1 to 3 mm, and the growth rate decreased continuously.
The pull-out force basically reached the ultimate pull-out value at this stage. Phase 3:
the pull-out force remained constant with increasing pull-out displacement from 3
to 10 mm, and the anchor pull-out force reached its limit and stabilized. The anchor
formed a sliding state at the anchor–soil interface, and the pull-out force was provided
entirely by the frictional force at the shear interface, at which time the anchor system
could be considered to have failed. However, since the anchor rod was not completely
pulled out, the anchor force maintained the peak state for a long time without decay.

(2) The ultimate pull-out resistance of the anchor was influenced by the diameter of
the anchor. The ultimate pull-out values of anchors with diameters of 30, 35 and
40 mm at 10% moisture content were 0.49, 0.54 and 0.64 kN, respectively. The pull-out
resistance increased with increasing diameter, and the pull-out resistances of 35 and
40 mm diameters were 1.102 and 1.306 times that of anchors with 30 mm diameter,
respectively. The ultimate pull-out resistances of anchors with diameters of 30, 35 and
40 mm were 0.45, 0.49 and 0.56 kN, respectively, at 12% moisture content, and the
pull-out resistances of those with 35 and 40 mm diameters were 1.089 and 1.254 times
that of 30 mm anchors, respectively. The ultimate pull-out resistance values of anchors
with diameters of 30, 35 and 40 mm were 0.426, 0.464 and 0.513 kN, respectively, at a
moisture content of 14%. The pull-out resistances for diameters of 35 and 40 mm were
1.091 and 1.248 times that of 30 mm anchors, respectively. An appropriate increase in
the diameter of the anchor will have a good effect on increasing the anchorage force.

(3) The displacement corresponding to the ultimate pull-out force was basically the same
for anchors with the three diameters and the same moisture content, i.e., the inflection
point where the force–displacement curve tended to be flat remained the same. The
displacement at the ultimate force for the 10% water content condition was 2.67 mm,
while the displacements at the ultimate force for 12% and 14% water contents were
1.91 and 1.87 mm, respectively. This was because the soil properties determined the
shear strength of the anchor–soil interface. Increasing the anchor diameter made the
anchor-soil interface, i.e., the area providing friction, larger, and then the peak anchor
force increased, but there was no change in the shear stress state of the anchored soil.
The shear strength of any soil unit on the contact surface did not change due to the
anchor size, so the displacement of specimens with different anchor diameters was
generally the same when the limiting state was reached.

3.1.2. Influence of Moisture Content on Ultimate Pull-Out Resistance

Figure 8 shows that the ultimate pull-out resistance of anchors of the same anchorage
diameter decreased with increasing water content of the soil. Taking 30 mm diameter
anchors as an example, the ultimate pull-out resistances for 10, 12 and 14% water contents
were 0.49, 0.451 and 0.4256 kN, and the increase in water content from 10 to 12 and 14%
reduced the anchor pull-out resistance by 0.039 and 0.064 kN, respectively, reductions
of 7.96 and 13.1%, respectively. The increase in water content from 12 to 14% reduced
the ultimate pull-out resistance by 0.0254 kN (5.63%). For 35 mm diameter anchors, the
anchor pull-out resistance was reduced by 0.05 and 0.076 kN when the water content was
increased from 10 to 12 and 14%, respectively, reductions of 9.26% and 14.1%. When the
water content was increased from 12 to 14%, the ultimate value of the pull-out resistance
was reduced by 0.0256 kN, a reduction of 5.22%. For increases in the moisture content of
40 mm diameter anchors from 10 to 12 and 14%, the anchor pull-out force was reduced
by 0.0754 and 0.127 kN, respectively, with reductions of 11.78% and 19.84%. The water
content was increased from 12 to 14%, and the ultimate value of the pull-out resistance was
reduced by 0.051 kN, a reduction of 9.1%.
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Figure 8 shows that the displacement corresponding to the ultimate pull-out resistance
reached by the same anchor decreased with increasing water content. Taking the 35 mm
diameter anchor as an example, the displacements at 10, 12 and 14% of the ultimate
anchorage force were 1.7, 2.2 and 2.9 mm, respectively. For each working condition, the 14%
specimen was the first to reach the limit, followed by 12% and finally, 10%. This behaviour
can be explained by the increase in water content that weakened the shear strength of the
anchoring interface. When pulled by the same displacement, the soil with higher moisture
content had less shear potential, and the contact interface was less capable of continuously
exerting shear action, and thus, damage occurred earlier.

When the water content increased, a large amount of freely movable pore water was
present between the soil particles, the mobility of the soil particles was enhanced, the
stability became poor, and the shear strength of the unit soil at the anchor–soil interface
decreased. In turn, the smoothness of the contact surface was enhanced, and the ultimate
anchorage force was reduced. When the water content of the anchored soil rises due to
rainfall and other factors, the anchoring capacity of the anchor decays to different degrees.

3.2. Study on the Bearing Characteristics of Bolts in a Cold Environment

Frost heaving occurs when soil drops to a negative temperature due to environmental
influences, and the properties of the soil change dramatically. Under these conditions, the
soil is referred to as frozen soil, and it is mainly composed of soil particles, ice crystals
and trace amounts of water. Soil freezing is an expansion process, and the underground
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structure in cold areas is inevitably affected by the frost heave force. Thus, frost heave is an
important factor affecting the safety of engineered structures in cold regions.

Figure 9 shows the temperature distribution clouds of the soil in the model box at
different times under negative temperature loading. Figure 9 shows that with increasing
freezing time, the negative temperature load was continuously applied from the cold source
to the soil mass, the temperature of each monitoring point continued to decrease, the frozen
area continued to spread from the cold source to the inside of the soil mass, the freezing
depth continued to deepen, and the frozen soil area continued to expand.

At the beginning of freezing, the soil at the cold source was the first to drop to a
negative temperature, and there was only one layer of frozen soil at this time. As the
negative temperature load advanced to the left, when the freezing time was 5 h, the soil
near the cold source was in the approximate shape of a rectangle, and the freezing front
was vertical and spread in a uniform manner.

When frozen for 10 h, approximately one-quarter of the whole area had a negative
temperature, the shape of the frozen area was triangular, and the diffusion mode propagated
from a straight line to an arc. At this time, the soil mass on the upper right of the bolt in
the centre of the model box entered the freezing stage, and the upper part of the bolt was
subjected to the horizontal frost heaving force and upward pulling force from right to left.
Under the action of the frost heave force, the horizontal displacement of the anchor began
to occur, and the vertical displacement did not change.

When frozen for 15 h, approximately one-third of the whole area entered a negative
temperature state, and the negative temperature spread out in an arc. At this time, the soil
around the upper half of the bolt basically entered a negative temperature state, and its
right side was frozen, while the left side had just frozen. The horizontal frost heave force
on the rod body was still directed to the left, and the force on the shaft gradually decreased
from top to bottom. At this time, the upper part of the bolt was subjected to the vertical
upward freezing pulling force, the lower part of the soil did not undergo freeze heave,
and downward friction force was applied to the bolt. At this time, the freezing pulling
force and the friction force were in opposite directions, and the vertical displacement was
relatively small.

After freezing for 20 h, approximately half of the whole sample entered a negative
temperature state, and the soil around the bolt was basically frozen. The freezing scale of
the soil on the left side of the upper half of the bolt continued to develop, and the horizontal
frost heave force to the right gradually occurred, which resisted the frost heave force to
the left of the frozen soil on the right, and the increment of the left displacement of the
bolt began to slow. The lower half of the bolt entered the freezing stage, the longitudinal
freezing force ran through the entire bolt, and the overall vertical displacement began
to occur.

After freezing for 30 h, almost all the soil in the model box entered the negative
temperature state, the negative temperature load continued to propagate to the left wall
and floor of the model box, the frost heave of the soil on the left side of the anchor continued
to expand, the frost heave force was continuously enhanced but did not reach the right level,
and the overall horizontal resultant force direction was still to the left. At this time, the
lateral displacement of the bolt gradually slowed, and the vertical displacement continued
to develop.
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3.2.1. Effect of Frost Heave on Anchored Soil Stress

To explore the internal stress changes in frozen soil, a microscale earth pressure box
was used to collect stress of soil at key positions around the bolt. The collected data are
shown in Figures 10 and 11, where the abscissa is the temperature at the centre of the bolt.
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According to the analysis of Figure 10, the horizontal frost heave force at each monitor-
ing point increased to different degrees with decreasing temperature. Because monitoring
point No. 1 was first affected by the negative temperature load, it entered the freezing state
earlier than the other monitoring points, and the horizontal stress increased first. Because
monitoring point No. 5 was farthest from the cold source, it had the latest contact with the
negative temperature load and remained unfrozen for a long time; the horizontal stress
developed last.

When the core temperature of the bolt was reduced to 0 ◦C, the surface of the shaft
was subjected to a frost heave confining pressure of 5.54 kPa, and when it was reduced to
−3 ◦C and −7 ◦C, the pressure around the rod increased to 11.09 kPa and 162 kPa, increases
of 55.5 kPa (100.1%) and 106.6 kPa (192.4%), respectively.

Because soil at different locations entered the frozen state at different times, the
retaining pressure of the bolt was asymmetrical. When the temperature at the centre of
the bolt was 5 ◦C, the soil around the rod had not yet frozen, but the soil to the right had
undergone frost heaving, and the frost heaving force reached 3.89 kPa. The soil mass was
compacted under the action of horizontal force, and the horizontal stress slightly increased.
It was difficult for the unfrozen weak soil on the left side of the bolt to provide horizontal
support, and thus, the bolt was displaced to the left by the asymmetric force.

When the temperature dropped to 0 ◦C, the stress difference between the two sides
was 11.05 kPa, then the compressive strength of the soil on the left side of the bolt gradually
increased as it entered the frozen state. The stress difference down to −3 ◦C was 12.18 kPa,
while the difference was 5.74 kPa at −7 ◦C. Under the condition of lateral freezing, the bolt
would be in an asymmetric confining pressure state for a long time.
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Figure 11 shows that the vertical frost heaving force of each monitoring point increases
with decreasing temperature. The upper soil mass has already entered the freezing state
before the centre dropped to the negative temperature and had a vertical frost pull-out
force. When the centre temperature was 0 ◦C, the freezing stresses at 50 and 150 mm above
the centre, i.e., monitoring points Nos. 7 and 6, reached 4.54 and 7.7 kPa, respectively,
while the soil below did not freeze and was only self-weight stress. When the temperature
dropped to −7 ◦C, the stresses at the monitoring points from top to bottom, i.e., Nos. 6, 7,
8 and 9, were 19.6, 15.2, 10.0 and 5.9 kPa, with increases of 154.5, 234.8, 566.7 and 227.8%,
respectively, compared with 0 ◦C. The vertical stress growth in the soil around the anchor
rod was in the form of “diffusion” from top to bottom.

3.2.2. Influence of Frost Heaving on Bolt Displacement

The horizontal frost heaving force and the longitudinal frost pulling force generated
during the soil freezing process affect the spatial position of the anchor bolt. Under different
freezing temperatures, the horizontal and vertical displacements of the anchor bolt are
shown in Figures 12 and 13. The temperature was that at the anchor bolt centre.
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The analysis of Figure 12 shows that the horizontal displacement of the anchor rod
under the same water content condition increased to varying degrees with decreasing
temperature. For the same freezing temperature, the frost heave displacement increased
slightly with increasing water content. For every 2% increase in water content, the dis-
placement increased by from 3% to 7%. For the sample with 10% water content, when the
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soil mass dropped from room temperature to 0 ◦C, the anchor rod had a large horizontal
displacement of 0.29 mm. When the temperature dropped to −3 ◦C and −7 ◦C, the hor-
izontal displacement increased by 0.03 and 0.06 mm, which were 10.3 and 20.6% of the
displacement when the temperature dropped to 0 ◦C, respectively.

The reason for this behaviour can be explained as follows. The soil mass on the right
side of the rod body froze and further expanded before the temperature at the centre of
the bolt dropped to zero. During this process, water continuously migrated to the right
and condensed, the strength of the soil on the right side constantly improved, and the frost
heaving force on the rod was exerted to the left. As the soil on the left side of the anchor had
not yet entered frozen, it was softer than the frozen soil and had poor resistance to the load
on the right side, and the anchor was displaced under the action of the horizontal thrust.

During the process from 0 to −3 ◦C, the strength of the soil mass on the left side of
the anchor bar gradually increased as it entered the negative temperature state. The soil
gradually developed the ability to resist the load on the right side and produce the frost
heaving force on the anchor bar to the right, but the force on the left side was still smaller
than the horizontal resultant force on the right side, and the overall direction was still to
the left. Although the soil stress values on both sides still maintained a certain gap, the left
side had a certain strength after freezing, and the soil changed from soft to hard. Therefore,
the displacement change at this stage kept increasing, but the increase was greatly reduced.
During the process from 3 to –7 ◦C, the frozen soil on both sides of the bolt simultaneously
developed to reach a lower temperature, the frost heaving effect continued to have an effect,
and the displacement was similar to that during the previous stage and underwent a small
amount of development.

Due to the free interface above the model, the bolt was vertically dislocated with
the free expansion of the frozen soil in the vertical direction. The analysis of Figure 13
shows that the vertical displacement of the bolt increased with increasing moisture content
and decreasing freezing temperature, and the increase was related to the longitudinal
distribution of the gradient of freezing temperature. The vertical displacement of the bolt
under the same freezing temperature conditions increased with increasing moisture content.

Taking the working condition of 10% moisture content as an example, the freezing
displacement value of the rod body was 0.2 mm when the core temperature of the bolt was
reduced from room temperature to 0 ◦C. When the temperature dropped to −3 ◦C, the
displacement increased by 3.2 mm, a 15-fold increase. From −3 to −7 ◦C, the displacement
continued to increase by 0.8 mm. The longitudinal frost heave effect was most significant
when the temperature of the centre of the bolt was reduced from 0 to −3 ◦C.

The reason for this behaviour can be analysed as follows. When the centre of the rod
body was 0 ◦C, only the upper part of the bolt produced a vertical upward freezing pulling
force, while the lower part of the unfrozen soil produced vertical and downward friction
on the anchor rod, and the mutual resistance to displacement of the two surfaces did not
increase significantly. The freezing line expanded from top to bottom as the temperature
decreased, and it gradually extended to the lower edge of the rod body when the central
temperature of the bolt dropped to −3 ◦C. At this time, the bolt was basically surrounded
by frozen soil, and the frost heave force ran through the whole bolt while the friction against
it decreased to zero. Therefore, the displacement developed more rapidly in this process
and was a significant effect of freezing. Figure 14 shows the force diagram of the bolt, and
the background of the figure is the temperature distribution cloud at this time.
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Figure 14. Schematic diagram of the bolt force under different temperature gradients.

3.2.3. Effects of Freezing and Swelling on the Extraction Force

The shear strength of the anchor–soil interface was enhanced by the increase in the
surrounding pressure on the anchor rod after the soil froze, and the anchor rod pull-out
force vs. axial displacement under different temperature conditions is shown in Figure 15.
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(1) The ultimate value of the anchor pull-out force at each water content condition
increased with decreasing temperature. Taking the moisture content of 10% as an
example, the ultimate pull-out force at room temperature was 0.49 kN, and the
ultimate values of the pull-out force under freezing to 0, −3 and −7 ◦C were 1.96,
8.35 and 8.87 kN, which were 4, 17.04 and 18.1 times higher than those at room
temperature, respectively. This behaviour can be explained as follows: the soil entered
a frozen state under the negative temperature load, the water in the soil froze and
expanded in situ, the condensed ice crystals filled the gaps between the soil particles
and tightly squeezed them, the compactness of the soil increased, the normal stress
on the anchor rod body increased, the shear strength of the anchorage interface was
enhanced, and the load-bearing capacity of the anchor rod in frozen soil could reach
more than ten times that in unfrozen conditions.

(2) When the centre of the anchor was at 0 ◦C, the surrounding soil was about to freeze,
and some of the unfrozen water still maintained a small amount of mobility between
the soil particles. The liquid phase in the soil was in an ice–water mixture, and the
pull-out resistance underwent a small increase due to partial freezing of water. At the
stage from 0 to −3 ◦C, the soil moisture around the rod basically entered the frozen
state, the interstices of soil particles were filled with ice crystals, and the pull-out
resistance and soil strength grew rapidly. At the stage from −3 to −7 ◦C, only a small
amount of water in the soil had not frozen, the pull-out force growth potential was
small, and thus, the limiting value of the pull-out force at this stage had only a small
increase compared with the former.

(3) At the same temperature, the limiting value of the pull-out force increased with
increasing water content. Taking the working condition of −3 ◦C as an example, the
limiting values of the pull-out forces of 10, 12 and 14% water content were 8.25, 9.74
and 11.39 kN, respectively. Compared with the working conditions of 10, 12 and
14% water content, the pull-out force increased by 1.49 and 3.14 kN, respectively,
with increases of 18.06% and 38.06%, respectively. With the increase in soil moisture
content, there was more liquid water between particles. The freezing expansion
increased with increasing water content. The greater the degree of compaction of
soil particles and ice crystals was, the greater the ability of the anchor to withstand
confining pressure and shear resistance.

(4) The stress displacement curve of the frozen soil anchor rod could also be divided into
three stages: “rapid growth”, “slow growth” and “maintain the same”. Unlike the
normal temperature condition, the stress growth stage of the freezing condition was
longer before entering the failure stage. In the first stage, the drawing force increased
rapidly with displacement, and the stress displacement increased linearly. In the
second stage, the slope of the curve was gradually attenuated from 2 to 7 mm, and
the relationship between the drawing force and the displacement was nonlinear. In
the third stage, the curve entered the horizontal development stage between 7 and
8 mm, at which time the pull-out force basically reached the limit state. The pull-out
force did not change with increasing displacement, and thus, the anchoring force was
considered invalid.

The extremes of the pull-out force of the frozen bolt at different water content show
an exponential growth pattern with the decrease of freezing temperature (as shown in
Figure 16). The peak pull-out force grows faster in the early stage, then slows down and
tends to a stable point in the later stage. This is due to the fact that as the freezing temperature
decreases, the water migration and ice formation process is gradually completed, and the
pull-out resistance has no more growth potential.
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3.2.4. Influence of Melting on the Ultimate Pull-out Force

The relationship between the melting and sinking action and the anchor pull-out force
is shown in Figure 17, and the freezing temperature was selected as −7 ◦C.
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Analysis of Figure 17 shows that:

(1) The ultimate pull-out force of soil in the frozen state was the largest, and that of
soil in the molten state was the smallest, under the same water content working
condition. The pull-out force under frozen conditions was much greater than that
before freezing and after thawing, the freezing and thawing effect greatly weakened
the pull-out force of frozen soil, and the pull-out force after thawing was less than
that before freezing. Taking the moisture content of 10% as an example, the pull-out
force in the frozen state and after thawing was 16.8 times and 0.71 times that before
freezing. When the soil around the anchor solid entered the frozen state, the water in
the soil condensed into larger ice crystals and migrated continuously in the direction
of the cold source. However, freezing and expansion increased the spacing of soil
particles and was irreversible. The frozen soil melted when the temperature rose, and
the melting sequence was from top to bottom; a large amount of liquid phase water
appeared at the top right of the anchor. The melting of ice crystals in the soil body into
pore water caused the volume of the liquid phase to shrink, but the spacing of the soil
particles could not shrink. Frozen expansion caused cracks inside the soil body, which
collapsed under self-weight stress. However, the part of the soil that froze and swelled
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adsorbed a large amount of water from the surrounding area in the process of freezing
and had a large water content after thawing, which caused drainage consolidation
and settlement under the action of self-weight stress; the stability and integrity of
the anchored soil was damaged. A schematic diagram of water migration during
freeze–thaw cycles is shown in Figure 18.

(2) The effect of freeze–thaw damage increased significantly with increasing moisture
content. The thawing and sinking resistance for 10, 12 and 14% water content con-
ditions were 71, 68 and 52% of that before freezing, respectively. Water migration
and swelling during freezing and thawing became more significant at greater water
content, causing more loosening of soil particles and more severe loss of shear capacity
at the anchor–soil interface.
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4. Discussion and Conclusions

In this study, we conducted indoor pull-out model tests on anchor rods with different
moisture contents and freezing temperatures, quantitatively described the changes in
anchor rod pull-out force before and after freezing, plotted load–displacement curves,
observed and recorded the freezing displacement of the anchor rod and stress evolution
of the surrounding soil under asymmetric negative temperature loading, and reached the
following main conclusions:

(1) The pull-out force of the anchor increased with increasing axial displacement, and
the change process was divided into three stages: “fast growth”, “slow growth” and
“constant growth”. The pull-out force increased with increasing anchorage diameter,
and the pull-out forces for 35 and 40 mm diameters were 1.102 and 1.306, 1.089 and
1.254, and 1.091 and 1.248 times that of 30 mm for the three water content conditions,
respectively. The shear strength and pull-out force at the anchor interface decreased
with increasing water content. When the water content increased from 10 to 12 and
14% for 30 mm diameter anchorages, the anchor pull-out force decreased by 0.039 and
0.064 kN, or 7.96% and 13.1%, respectively.

(2) The test soil entered the frozen state by the negative temperature load, and the frozen
area continued spreading from the cold source at the upper right through the whole
soil specimen with increased freezing time. The anchor rods were in an asymmetric
stress state for a long time due to the influence of the single-side freezing method,
and they were displaced under the action of the freezing expansion force. Taking
the moisture content of 10% as an example, the lateral displacements of anchors at 0,
−3 and −7 ◦C were 2.9, 3.2 and 3.5 mm, and the vertical displacements were 0.2, 3.5
and 4.3 mm, respectively. The total displacement increased with increasing moisture
content; the maximum horizontal displacements were 3.5, 3.65 and 3.8 mm under 10,
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12 and 14% moisture content working conditions, and the vertical displacements were
4.3, 5.1 and 5.5 mm, respectively.

(3) The shear strength of the anchor–soil interface increased as the temperature decreased,
and the ultimate value of the pull-out force increased as the temperature decreased
and the moisture content increased. The pull-out force of the frozen anchor increased
with increasing water content.

(4) After freezing and thawing. the ultimate pull-out forces were 71, 68 and 52% of that be-
fore freezing under 10, 12 and 14% moisture content working conditions, respectively.
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