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1. Introduction 
 

The soil-structure interface is weak, and the failure of 

this interface can result in the destruction of building 

structures (Fatahi et al. 2014, Ngo et al. 2019). 
Additionally, this interface is an important medium for the 

mutual transmission of stress and deformation between soil 

and the structures. The increased global temperatures and 

climate change amplification in cold regions have 
considerably changed the mechanical properties of the 

frozen soil-structure interface (Shiklomanov et al. 2017, Xu 

et al. 2020), considerably affecting the bearing capacity of 

the interface and the structural stability (Wang et al. 2018, 

2019, 2019). The degraded frozen soil-structure interaction 

induced by thawing can be mainly attributed to the changes 

in soil properties and the decreased foundation-bearing 

capacity during the thawing process, both of which result in 

uneven settlement and even instability of the structure  

                                           

Corresponding author, Ph.D. 

E-mail: tangly@xust.edu.cn 

Corresponding author, Ph.D. 

E-mail: guoyuli@lzb.ac.cn 

§Contributed equally as the first author 

 

 

(Lyazgin et al. 2004, Niu et al. 2011, Tang et al. 2019). The 

degradation of the mechanical properties of the frozen 

soil-structure interface during the thawing process has 

become a leading basic scientific problem that should be 

solved based on the rapid development of engineering 

construction in cold regions. 
An ice film forms on the interface when the temperature 

between the frozen soil and the structure decreases because 
of the difference in thermal conductivity between the two 
materials (Sayles et al. 1987), which is responsible for the 
freezing strength of the interface (Nixon et al. 2011, Rist et 
al. 2012, Wen et al. 2016). Lee et al. (2013) systematically 
improved the normal-temperature soil direct shear test 
apparatus and placed it in a walk-in low-temperature 
environment box. Further, an aluminum plate was used to 
simulate the contact surface of the structure, and the 
freezing strength of the interface between the frozen soil 
and contact surface was tested under different freezing 
temperatures and normal stress conditions. Wen et al. 
(2016) conducted a direct shear test on the frozen soil-
concrete interface and observed that the freezing strength 
between the soil and structure gradually increased as the 
temperature decreased. In addition, the increased normal 
pressure can not only increase the freezing strength but also 
the water content’s influence on shear strength. Thus, the 
effect of freezing strength decreases with the increasing 
water content in a sample and normal pressure. Liu et al. 
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Abstract.  The interaction between the frozen soil and building structures deteriorates with the increasing temperature. A 

nuclear magnetic resonance (NMR) stratification test was conducted with respect to the unfrozen water content on the interface 

and a shear test was conducted on the frozen soil-structure interface to explore the shear characteristics of the frozen soil-

structure interface and its failure mechanism during the thawing process. The test results showed that the unfrozen water at the 

interface during the thawing process can be clearly distributed in three stages, i.e., freezing, phase transition, and thawing, and 

that the shear strength of the interface decreases as the unfrozen water content increases. The internal friction angle and cohesive 

force display a change law of “as one falls, the other rises,” and the minimum internal friction angle and maximum cohesive 

force can be observed at -1°C. In addition, the change characteristics of the interface strength parameters during the freezing 

process were compared, and the differences between the interface shear characteristics and failure mechanisms during the frozen 

soil-structure interface freezing-thawing process were discussed. The shear strength parameters of the interface was subjected to 

different changes during the freezing–thawing process because of the different interaction mechanisms of the molecular 

structures of ice and water in case of the ice-water phase transition of the test sample during the freezing-thawing process. 
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conducted direct shear (Liu et al. 2014a) and dynamic direct 
shear (Liu et al. 2014b) tests on the frozen soil-structure 
interfaces during the freezing process. They observed that 
the frozen soil-structure interface’s freezing strength 
includes the freezing force of ice at the interface and the 
cohesion of the soil particles and concrete surface. Thus, the 
peak strength of the interface will increase with the 
decreasing temperature. Shi et al. (2016) conducted a shear 
test on the artificial frozen sand-structure interface during 
the freezing process. They observed that the unfrozen water 
near the interface gradually decreased with the increasing 
temperature of the interface. Thus, the cementation of the 
interface increased, increasing the freezing strength limit of 
the interface and growth rate as the temperature decreased. 
During the freezing process, the freezing strength gradually 
increased between the soil and the structure as the 
temperature decreased and the unfrozen water at the frozen 
soil-structure interface gradually transformed into ice. In 
contrast, the ice crystals at the interface melted into 
unfrozen water during the thawing process, and the freezing 
strength gradually decreased. Wang et al. (2017) obtained 
the interface strength during the thawing process based on a 
direct shear test of the interface between the thawing soil 
and a structure. Thus, the temperature is an important factor 
affecting the soil-structure interaction, which can be 
attributed to the change in the presence of water at the 
interface, i.e., the change in temperature alters the ice 
(unfrozen water) content at the interface. Therefore, the 
variations in unfrozen water content at the frozen soil-
structure interface must be understood to explore the 
mechanical characteristics of the interface. Since Tsytovich 
(1960) proposed the concept of unfrozen water content in 
frozen soil, testing this property has been one of the main 
difficulties in the field of frozen soil. However, the recent 
introduction of various new tests in the field has provided 
improved methods to measure the unfrozen water content at 
the soil–structure interface. For example, the nuclear 
magnetic resonance (NMR) testing technology provides a 
direct and non-destructive unfrozen water testing method. 
NMR is not considerably affected by external interference 
during water distribution measurements. Further, NMR 
does not disturb the sample and exhibits a short single-test 
time and high accuracy (Mohnke et al. 2002, Zhou et al. 
2015, Li et al. 2016). 

Therefore, this study explores the variation of unfrozen 
water content with respect to the shearing characteristics of 
the frozen soil-structure during the thawing process. In 
addition, shear tests were conducted on the frozen soil–
structure samples using laboratory simulation tests. NMR 
delamination testing was used for the first time to test the 
samples thawed to different temperatures within 10 mm of 
the interface. The variations in the shear strength and 
unfrozen water content were used to analyze the mechanical 
properties of the interface. Thus, the variations in the 
unfrozen water content, internal friction angle, and cohesive 
force during the thawing process were obtained with the 
degree of thawing. Further, the mechanical properties of the 
frozen soil–structure interface during the freezing-thawing 
process were discussed and analyzed based on the results of 
the shear tests with respect to the frozen soil-structure 
interface obtained previously. This also revealed the frozen 
soil-structure interface interaction mechanism during the 
freezing-thawing process to provide a theoretical reference 

for establishing a systematic freezing-thawing damage 
model and various engineering applications. 
 

 

2. Test design 
 

2.1 Test materials and sample preparation 
 

The test soil was silty clay, which is a typical soil type in 
the Qinghai-Tibet permafrost region. The soil was dried, 
crushed, sieved, and remolded based on the “Standard for 
Soil Test Method”(GB/T50123). The plastic limit, liquid 
limit, and plasticity index of the test soil were 14.6%, 
30.8%, and 16.3, respectively. The soil samples with a 
unified water content of 20% were remolded to obtain a dry 
sample density of 1.7 g/cm3. All the parameters of the 
concrete prepared in this study were in accordance with the 
actual application parameters used in engineering in frozen 
soil regions to better reflect the contact status of the frozen 
soil-structure interface in actual engineering. Table 1 
presents the parameters of the cast-in-place concrete, and 
Fig. 1 shows the grain-size grading curve of the soil 
particles. 

 

 

Table 1 Parameters of the cast-in-place concrete 

Water-

cement 

ratio 

Ratio of 

cement to 

aggregate 

Ratio of 

cement to 

antifreeze 

Cement 
label 

Grain-size grading 
(mm) 

0-2 2-5 5-10 

0.5 1:3 1:0.15 P.O 42.5 31% 56% 13% 

 

 

Fig. 1 The soil-particle grain-size grading curve 

 

 

Fig. 2 Frozen soil-structure interface sample 
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The interface samples were prepared in accordance with 

the “Standard for Soil Test Method” (GB/T50123) for 

obtaining ring-cutting soil samples with dimensions of 61.8 

mm × 20 mm. A hydraulic jack was used to transfer the 20-

mm-high ring-cutting soil sample to a high sample ring 

cutter with dimensions of 61.8 mm × 40 mm. The high 

sample ring cutter containing the 20 mm soil sample was 

subsequently placed in a low-constant-temperature test box 

and frozen at -15°C for 12 h. After the frozen high sample 

ring cutter was removed, the evenly mixed concrete was 

cast into the high sample ring cutter, removed after freezing, 

and fully vibrated to ensure that the cast-in-place concrete 

was in complete contact with the surface of the frozen soil 

sample and that concrete was sufficiently compacted. After 

concrete casting, the interface samples were cured for 28 

days (temperature difference = ±1°C) at an external ambient 

temperature of 5°C, which sample preparation refers to the 

cast-in-place concrete–frozen soil preparation process (Du 

et al. 2019). After curing the sample for 28 days, it was 

moved to the low-constant-temperature test box for freezing 

to achieve a sample-freezing temperature of -15°C. 

Simultaneously, a temperature sensor embedded in the  

 

 

 

interface was used to facilitate real-time temperature 

monitoring at the sample interface. TP–K01 thermocouple 

temperature sensors with an accuracy of 0.1°C were used 

during the test, and two probes were embedded at the center 

and 1/2R of each sample. The temperature difference 

between the two probes was 0°C-0.12°C. The temperatures 

at the sample center and 1/2R were averaged to obtain the 

average interface temperature. Fig. 2 shows the frozen soil-

structure interface sample and temperature probe 

arrangement. 

 

2.2 NMR unfrozen water test principle and methods 
 

The MacroMR12-150H-I NMR tester, which was jointly 

developed and produced by the Chinese Academy of 

Sciences and Suzhou Newmai Co., Ltd., was selected for 

conducting the test. The NMR tester comprises four main 

parts, i.e., an industrial computer (including a spectrometer 

system), a radio frequency (RF) unit, a magnet cabinet, and 

a temperature control system. 

The built-in phase stratification test method (the built-in 

SE_SPI sequence) was adopted as the stratified T2 

 

Fig. 3 NMR stratified test 

 

Fig. 4 Test procedure design 
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relaxation (transverse relaxation time) test, as shown in Fig. 

3. The NMR testing principle for measuring the unfrozen 

water content is to establish a relation between the unfrozen 

water content and temperature by detecting the variation of 

the echo signal intensity (T2 spectrum) with temperature. 

The area enclosed by the T2 distribution curve is 

proportional to the number of hydrogen atoms in the fluid 

within the detection range; this value is directly 

proportional to the water content (Du et al. 2019, Tice et al. 

1981). The unfrozen water content testing method used in 

this study was based on this technique. Fig. 3 shows the 

principle of the stratified test method at the interface. The 

RF instrument range was 200 mm and was divided into 20 

layers of 10 mm each. The sample was placed at the RF 

center axis, and the shaded part of the sample in the figure 

was the signal section required for the test. The sum of the 

T2 spectrum areas of the two layers (1, 2) was the signal 

value of the hydrogen atoms in the liquid water at the 

interface. 

 

2.3 Test plan 
 

First, the interface sample frozen to -15°C was placed in 

an environment with a temperature of 15°C. Subsequently, 

the sample was thawed naturally through thermal 

convection with the air. In this test, the HT-9815 four-

channel temperature sensor was embedded at the interface 

for real-time monitoring of the temperature change during 

the thawing process. 

Then, the NMR stratification test method was used for 

monitoring the nuclear magnetic signal of the sample 

interface during the thawing process. The magnet’s constant 

temperature system and RF unit power were turned on in 

advance to ensure NMR magnetic field stability and 

uniformity when the sample was being tested at different 

temperatures. Further, the acquisition parameters were set 

when the temperature of the area to be tested and the test 

temperature were identical and the NMR signal did not 

exhibit any further changes. A Fourier transform inversion 

software was used to obtain the T2 distribution, and the 

nuclear magnetic signal data were saved. The relation 

between the temperature and unfrozen water content of the 

interface sample during the thawing process was obtained 

based on the unfrozen water content of the interface at 

different temperatures with respect to the NMR signal 

strength. 

Finally, a direct shear test was conducted. The interface 

shear test was conducted in a low-temperature laboratory to 

ensure that the external environment did not affect the 

temperature during the shearing process. A strain-controlled 

direct shear tester produced by the Nanjing Soil Research 

Instrument Factory was used to conduct the shear test of the 

frozen soil-cast-in-place concrete interface. Shear tests were 

conducted on the samples thawed to -15°C (the shear test 

failed at this temperature), -10°C, -7°C, -5°C, -3°C, -1°C, 

0°C, 1°C, 5°C, and 10°C. The shear box was cooled to 

reduce its temperature before each shear test, ensuring that 

its temperature is reduced to a value consistent with the 

temperature of the sample; thus, the sample temperature 

error during the shear process could be decreased. The shear 

stresses at the time of failure were obtained for a cutting 

speed of 0.8 mm·min−1 and normal pressures of 50, 100, 

200, and 300 kPa. Further, the roughness of the concrete 

test block was tested after the shearing test, and the average 

roughness was observed to be 2.3 mm. The shear strength 

parameters of the interface were determined based on the 

Coulomb formula. Fig. 4 presents the test procedure design. 

 

 

3. Results 
 

3.1 Change law of unfrozen water content at the 
interface during the thawing process 

 
Fig. 5 shows the temperature-unfrozen water content 

change curve of the frozen soil-structure interface during 

the thawing process. In this figure, the sample’s curve 

shows a three-stage distribution during thawing, i.e., a 

freezing stage, a phase transition stage, and a thawing stage. 

Based on the temperature-unfrozen water content change 

law, a T2 spectrogram was obtained when the sample was 

thawed to -10°C, -1°C, and 10°C. The x-axis in Fig. 5 

indicates the T2 relaxation time, whereas the y-axis 

indicates the NMR signal value. 

The area of the NMR T2 spectrum is positively 

correlated with the unfrozen water content. Therefore, large 

T2 spectral area indicates large unfrozen water content. In 

Fig. 5, the peak value of the NMR signal increases, and the 

T2 spectrum shifts to the right during the thawing process. 

An increase in peak value indicates an increase in NMR 

signal strength at the same T2 relaxation. Thus, the amount 

of thawed ice in pores having the same size increases. In 

contrast, a rightward shift indicates a gradual increase in 

unfrozen water content in large pores. Fig. 5 shows that the 

area of the T2 spectrum is small and that the peak signal is 

low; the unfrozen water content at the interface mainly 

exists in small pores at -10°C. The area of the T2 spectrum 

increased clearly when the sample temperature increased 

from -10°C to -1°C, and the signal peak value increased 

significantly. Further, the peak gradually shifted rightward. 

In addition, the second peak point of the T2 spectrum could 

be observed at -1°C, indicating that the ice crystals in the 

large pores at the interface began to melt gradually. The 
 
 

 

Fig. 5 Unfrozen water and T2 spectrogram at the interface 
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Fig. 7 Change law chart of the shear strength parameters 

at different temperatures 

 

 

area and value of the second peak continued to increase 

with the sample temperature. The internal ice completely 

melted when the sample was fully thawed; however, the 

interface temperature-unfrozen water content curve shows 

that the sample temperature continued to increase when the 

unfrozen water content reached its peak. The unfrozen 

water content at the interface decreased slightly. This may 

be because of the creation of a water potential difference 

when the soil water migrated to the interface during the 

freezing process and the unfrozen water migrated from the 

interface into the soil during the thawing process. 

 

3.2 Change law of the interface shear strength during 
the thawing process 

 
Fig. 6 denotes the shear failure envelope observed when 

the frozen soil-structure interface sample was thawed at 

different temperatures. The shear strength of the sample 

increases with the increasing normal pressure when the 

sample was thawed at different temperatures, and the 

increased amplitude is related to the thawing temperature. 

In addition, the interface’s shear strength gradually 
decreases during the thawing process. In Fig. 6(a), 
the sample temperature is still negative. At this time, the  

 

 

interface’s shear strength significantly increases with the 

increasing normal pressure. However, the temperature of 

the sample increases as the thawing process continues, and 

the influence of the increase in normal pressure on the shear 

strength of the interface gradually decreases. Fig. 6(b) 

shows the situation when the sample was thawed at a 

positive temperature. The slope of the failure envelope 

varies less under different temperatures as the sample 

temperature increases and increases slightly toward the end 

of the thawing process. Thus, the influence of the increase 

in normal pressure on the sample shear strength gradually 

decreases and tends to be gentle when thawed to a positive 

temperature. 
The shear strength of frozen soil-structure interface 

(Figs. 6(a) and 6(b)) gradually decreases throughout the 

thawing process. The decrease in shear strength can be 

mainly attributed to the decrease in the internal friction 

angle of the interface during the initial stage of thawing. 

Further thawing increased the sample temperature. 

Meanwhile, the decrease in cohesive force at the interface 

gradually reduced the interface shear strength, and the 

internal friction at the interface tended to be stable. 
 

3.3 Change law of the shear strength parameters 
during the thawing process 

 
Fig. 7 depicts the change law of the frozen soil–structure 

interface’s shear strength parameters with the increasing 

thawing degree of the sample. Thus, the internal friction 

angle and cohesive force of the interface show a change 

behavior of “as one falls, the other rises” during the thawing 

process. The internal friction angle of the sample interface 

decreased slightly during the initial thawing stage, and the 

increase in cohesive force was also observed to be small. 

When the sample temperature increased to -5°C and 

continued to thaw, the internal friction angle of the interface 

rapidly decreased and became minimum at -1°C. 
Subsequently, the cohesive force of the interfaces gradually 

increased to reach its peak value at -1°C; however, this rate 

of increase is significantly less than the rate of decrease 

with respect to the internal friction angle. The cohesive 

force decreased significantly as the test sample continued to  
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Fig. 6 Shear failure envelope diagram under different thawing temperatures and normal pressures 
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thaw after -1°C, whereas the internal friction angle only 

increased slightly. However, its increase rate was 

significantly lower than the decrease rate of the cohesive 

force. Then, the thawing of the sample entered the positive-

temperature section. The test sample was fully thawed, and 

the internal friction angle and cohesive force of the 

interface were observed to be stable. Regardless, when 

compared with the initial stage of thawing, the internal 

friction angle and cohesive force of the frozen soil-structure 

interface considerably declined after the thawing process. 
 

 

4. Discussion 
 

4.1 Analysis of the interface shear strength during the 
freezing process 

 
We explored the interaction differential characteristic of 

the frozen soil-structure interface during the freezing-

thawing process by comparing and analyzing the results 

obtained by Wen et al. (2013) through frozen soil-concrete 

interface shear tests to understand the shear characteristics 

of the frozen soil-structure interface. 

A frozen soil-concrete sample in previously studied Wen 

et al. (2013) had a diameter of 61.8 mm and a height of 40 

mm. These dimensions are identical to those of the sample  

 

 

 
considered in this study. The dry density of the sample was 
1.68 g/cm3 Wen et al. (2013), and the direct shear test was 
an unconsolidated and undrained fast shear test, which uses 
sample parameters and shearing methods similar to those 
adopted in this study. Therefore, this study was compared 
with that conducted by Wen et al. (2013) using water 
contents of 19% and 21.5%. Fig. 8(a) shows the shear 
failure envelope of the frozen soil-structure test sample 
during the freezing process of Wen et al. (2013) in the 
temperature section from -0.8°C to -3°C. By comparing the 
failure envelope in Fig. 8(a) with that in Fig. 8(b), which 
shows the corresponding temperature section of the thawing 
process in this study, the shear strength of the frozen soil-
structure interface is observed to increase as the temperature 
decreases during the freezing process. Subsequently, it 
decreases gradually with the increasing temperature during 
the thawing process. 
 

4.2 Comparison and analysis of the internal friction 
angle of the freezing-thawing interface 

 

Fig. 9 denotes the change curve of the internal friction 

angles at the frozen soil-structure interface during the 

freezing-thawing process. The shear strength of the 
interface increases when the water content of the test 

sample is 19% and 21.5%. All the internal friction angles 

initially increase and subsequently decrease within the  

  

(a) Water content of 19% (Wen et al. 2013) (b) Water content of 21.5% (Wen et al. 2013) 

Fig. 8 The shear failure envelope diagram at different temperatures and normal pressures 

  

(a) Freezing process (Wen et al. 2013) (b) Thawing process 

Fig. 9 Friction-angle changes in case of the frozen and melted interfaces 

50 100 150 200 250 300 350 400
0

50

100

150

200

250

300

350

400

450

500

 

 

 -3.0℃  -3.0℃The failure envelope

 -1.9℃  -1.9℃The failure envelope

 -0.8℃  -0.8℃The failure envelope

T
h

e 
sh

ea
r 

st
re

n
g
th

 (
k
P

a)

The normal pressure (kPa)

The freezing process

50 100 150 200 250 300 350 400
0

50

100

150

200

250

300

350

400

450

500

 

 

 -3.0℃   -3.0℃The failure envelope

 -1.9℃   -1.9℃The failure envelope

 -0.8℃   -0.8℃The failure envelope

T
h

e 
sh

ea
r 

st
re

n
g

th
 (

k
P

a)

The normal pressure (kPa)

The freezing process

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
4

5

6

7

8

9

10

11
 

 

T
h

e 
in

te
rn

al
 f

ri
ct

io
n

 a
n
g
le

 (
°)

The temperature (℃)

                  The water content 19%

                  The water content 21.5%

The internal friction angle during the freezing process

-10 -5 0 5 10

15

20

25

30

35

40

45

50

55

 

 

T
h

e 
in

te
rn

al
 f

ri
ct

io
n

 a
n

g
le

 (
°)

The temperature (℃)

The thawing process 

 The internal friction angle

250



 

Effect mechanism of unfrozen water on the frozen soil-structure interface during the freezing-thawing process 

 

 

 

freezing temperature range specified by Wen et al. (2013), 

and the peak value could be observed when the test sample 

was frozen to -1.9°C. Extreme internal friction angles could 

be observed at different temperatures during the freezing-

thawing process. Such angles could be observed at a lower 

temperature during the freezing process than that in the 

thawing process. Thus, the extreme internal friction angle 

could be observed earlier during the thawing process than 

that during the freezing process at the same temperature. 

This can be attributed to the unfrozen water content of the 

test sample during the freezing-thawing process (Kruse et 

al. 2017, Tan et al. 2015), denoting that the unfrozen water 

content at the interface is an important factor affecting 

mechanical properties. 

Fig. 9 denotes two different change laws with respect to 

the internal friction angle between the frozen soil-structure 

interfaces during the freezing-thawing process. During the 

freezing process, the internal friction angle initially 
increased and subsequently decreased; however, the internal 

friction angle initially decreased and subsequently increased 

with the increasing thawing degree during the thawing 

process. This is closely related to the changes in unfrozen 

water content at the interface during the phase transition 

stage and the conversion mechanism between the ice and 

water test samples during the freezing-thawing process. 

Because of the differences in thermal conductivity between 

the soil and structure, an ice film gradually formed at the  

 

 

 

frozen soil-structure interface during the freezing process 

(Spaans and Baker 1996). In addition, the free water in the 

test sample transformed into ice, and the internal friction 

angle of the interface initially increased and subsequently 

decreased because of changes in the molecular structure of 

water during the freezing process 

As shown in Fig. 10, the water molecules were circular, 

loose, and irregular in fluid state, and extremely small 

frictional resistance could be observed between 
the molecules during the frozen-structure shearing 

process. During the freezing process, the water molecules 

connected via hydrogen bonds to form ice molecules with a 

spatial four-sided conical structure, resulting in 
large intermolecular resistance between the molecules 

during sliding. The connection between the ice molecules 

became increasingly stable with the continuously 
decreasing temperature, and a spatial hexahedral grid 

structure was gradually formed. Therefore, during the 
initial freezing stage, water transformed into ice crystals 

and the internal friction angle of the frozen soil-structure 

interface increased. The internal friction angle further 

decreased as the freezing process continued because soil 

and concrete exhibit different thermal conductivities. 

During the freezing process, the soil water migrated to the 

interface and accumulated to gradually form an ice film, 

reducing the effective contact area between the soil and the 

structure. The internal friction angle of the interface  

 

Fig. 10 The phase transition mechanism of water molecules during freezing–thawing process 

 

(a) Freezing process (b) Thawing process 

Fig. 11 The water migration diagram of the freezing–thawing process 
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initially decreased and subsequently increased during the 

thawing process because the hydrogen bonds between the 

ice molecules break with the thawing of ice crystals, 

resulting in the gradual change of the ordered ice molecules 

into a loose and disordered form, i.e., water. Therefore, the 

internal friction angle of the interface gradually decreased 

during the thawing process. However, because of water 

migration during the freezing process, a water potential 

difference could be observed inside the soil, as shown in 

Fig. 11(a), and the ice film at the thawing interface was 

gradually thawed to produce a water film. Subsequently, the 

water potential difference between the interface and the 

inside of the soil began to change (Auriault et al. 1985), and 

the interface water migrated to the inside of the soil 

according to Darcy’s law (Terzaghi et al. 1996, You et al. 

2017), as shown in Fig. 11(b). Furthermore, the soil 

permeability coefficient gradually increases with the 

increase in temperature (Nishimura and Wang 2018, Xu et 

al. 2020); thus, the seepage velocity gradually increases. 

The effective contact area of the corresponding soil-

structure increases with the decreasing water film, causing 

the internal friction angle to recover. The internal friction 

angle gradually decreases with the redistribution of the soil 

water and eventually stabilizes. 

 

4.3 Comparative analysis of the cohesive force of the 
freezing-thawing interfaces 

 
The cohesive force on the soil-structure interface was 

partially provided by the adsorption force of the water 

between the interfaces of the soil-structure surface particles. 

Fig. 12(a) shows that the cohesive force between the frozen 

soil-structure interfaces increased as the temperature 

decreased during the freezing process, which can be 

attributed to the migration of free water to the water-rich 

zone at the interface during the freezing process. Further, 

the adsorption force between the interface and the soil 

particles increased. In addition, when the temperature 

decreased, the water in the test sample froze to become ice, 

and an ice bonding force was observed at the interface and 

between the soil particles. The aforementioned phenomena 

are the main reasons for the increased cohesive force at the  

 

 

frozen soil-structure interface during the freezing process. 
As shown in Fig. 12(b), the cohesive force of the frozen 

soil-structure interface increases during initial thawing, 

possibly because of the gradual thawing of ice between the 

frozen soil and structure, the unfrozen water content 

increases, and the adsorption force of interface and between 

the soil particles increases. Here, the ice bonding force 

decreased because of ice thawing. However, the bonding 

force was generally high because less ice was thawed 

during the initial thawing stage. With the increasing 

thawing depth, the ice-rich zone gradually became a water-

rich zone, resulting in the depletion of the ice bonding 

force. The internal water migrated again under the action of 

the water potential difference. Furthermore, the migration 

of free water could be repeatedly observed in the sample, 

and the initial bond deterioration could be observed at the 

interface and between the soil particles. Additionally, many 

pores and micro-cracks were formed in the original water-

rich zone of the interface, decreasing the cohesive force of 

the interface during the later thawing stage. When the 

internal water field of the test sample was redistributed, the 

water potential difference gradually recovered and the 

cohesive force of the frozen soil-structure interface 

gradually stabilized. 
 

 

5. Limitations of the study and future research 
 

In this study, the change law with respect to the 

unfrozen water content and shear strength at the frozen soil-

structure interface is developed based on previous studies in 

case of the thawing process using the NMR stratification 

testing technology. Therefore, this study was more 

innovative than the existing research. However, there was a 

lack of in-depth analysis about the interaction mechanisms 

of the frozen soil-structure interfaces during the thawing 

process. For example, the volume change and water 

redistribution within a certain range of the interface during 

the freezing-thawing process will change the internal 

microstructure of the soil, affecting the interaction between 

the frozen soil and the structure. In this study, the failure 

mechanism at the frozen soil-structure interface during the 

 

 

(a) Freezing process (Wen et al. 2013) (b) Thawing process 

Fig. 12 The change curve of the cohesive force of the freezing-thawing interfaces 
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Effect mechanism of unfrozen water on the frozen soil-structure interface during the freezing-thawing process 

thawing process was only analyzed based on the unfrozen 

water content changes at the interface and the resulting 

changes in mechanical properties. However, the intuitive 

and quantitative microscopic experimental studies were 

insufficient. For example, it was unclear whether the bond 

formed between the soil particles changed or was destroyed 

during the thawing process, whether the soil particle group 

changed shape, or whether the change in the internal 

microstructure of the soil during the thawing process can 

increase the range of the soil shearing displacement zone. 

Therefore, further microscopic experiments should be 

conducted to study the frozen soil-structure interaction 

mechanisms during the thawing process. In addition, any 

study and analysis should be quantitative and refined to 

understand the failure mechanism of the frozen soil-

structure interface during the thawing process. 
 

 

6. Conclusions 
 

To explore the change law of unfrozen water content 

and shear strength of the frozen soil-structure interface 

during the thawing process, the NMR method was used for 

stratification testing of the unfrozen water content and the 

interface shear test was applied. The intrinsic relation 

between the change in unfrozen water content and interface 

shear strength during the thawing process was also 

ascertained. When combined with the results obtained from 

previous studies about the frozen soil-structure interface 

freezing process, the following conclusions were obtained. 

• During the thawing process of the frozen soil-structure 

sample, the unfrozen water content at the interface 

exhibited an obvious three-stage distribution, including the 

freezing, phase transition, and thawing stages. Further, 

water migration could be observed during the entire 

thawing process, with free water migrating from the 

interface into the soil. 

• The shear strength between the frozen soil and the 

structure gradually decreased during the freezing-thawing 

process. This decrease was mainly caused by the decrease 

in the internal friction angle of the interface during the 

initial stage of the thawing process. Further, the test sample 

increased with the increasing thawing degree. In this case, 

the gradually decreasing cohesive force at the interface 

became the main cause for the decreasing shear strength of 

the interface. 

• The internal friction angle and cohesive force of the 

frozen soil–structure interface exhibited a change law of “as 

one falls, the other rises” during the thawing process. The 

minimum internal friction angle and maximum cohesive 

force could be observed at -1°C. 

• The strength parameters of the frozen soil and 

structure changed differently during the freezing-thawing 

process. The internal friction angles of the interface 

exhibited opposite characteristics during the freezing-

thawing process because of changes in the molecular 

structure of water when it froze during phase transition. 

• The change law with respect to the cohesive force 

during the freezing process is incomplete, and the extreme 

value point cannot be observed, which can be attributed to 

the narrow test temperature range (-0.8°C~-3°C) and the 

change law having not been fully presented. Therefore, 

increasing the temperature range of the freezing process and 

clarifying the change law with respect to the cohesive force 

during the freezing process are crucial for studying the 

frozen soil-structure interaction during the freezing-thawing 

process. 
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