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Abstract: Under the background of climate warming in the Qinghai-Tibetan Plateau (QTP), frequent 
freeze–thaw cycling (FTC) brings about great geological disasters such as subgrade failure, 
landslides, and mudslides, which is closely related to the strength reduction caused by the structural 
damage of soils. In this study, to explore the association between macro shear strength and 
microstructure evolution of soils subjected to FTC, the red clay distributed widely in the QTP was 
chosen and used to conduct a series of triaxial shear and nuclear magnetic resonance (NMR) tests 
in the range of 1 to 7 FTCs. Triaxial shear test results reveal that the shear strength reduction of 
specimens mainly occurs within five FTCs, and the trend of peak deviator stress with increasing 
FTCs can be described in three stages: rapid descent (FTCs less than three), slow descent (FTCs 
between three and five), and stabilization (FTCs greater than five). NMR tests show that the T2 
spectrum curves exhibit a distinct bimodal distribution characteristic, corresponding to macropores 
and micropores. Part of the micropores gradually develop into macropores with increasing FTCs, 
especially within five FTCs. The increase in macropores proportion leads to a loose soil structure, 
which is consistent with the deterioration of the shear strength of specimens. Finally, based on the 
experimental results and classical Mohr–Coulomb theory, a new shear strength model with 
structural damage for red clay has been proposed by introducing a damage factor expressed by T2 
spectral area. 
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1. Introduction 
Red clay is a brownish-red or yellowish-brown clayey soil formed by the weathering 

of carbonate rocks in a humid climate and is widely distributed in the Qinghai-Tibet 
Plateau (QTP) [1]. The physical properties of red clay are less favorable compared with 
general clays, characterized by a high natural moisture content, large void ratio, high 
liquid-plastic limit, and strong water sensitivity. However, its mechanical properties are 
relatively good, such as high shear strength, low compressibility, and permeability. 
Therefore, it is chosen as a superior natural engineering material, extensively employed 
in subgrade and foundation engineering practices [2–4]. In recent years, the climate in the 
QTP has become increasingly warmer and wetter [5,6]. The area, thickness, and 
distribution of permafrost have changed significantly under the influence of climate 
variation. Engineering disasters such as subgrade settlement and slope landslides occur 
frequently due to the degradation of frozen soil [7]. Seasonal freeze–thaw cycling (FTC) 
often happens in cold areas due to the atmospheric periodic temperature fluctuations 
during winter and spring [8], which causes the deterioration of soil mechanical properties 
[9] and brings potential risks for engineering construction and ecological environment 
protection in cold areas. Consequently, the variation of the shear strength of red clay in 
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the QTP has attracted widespread attention, which can provide a better insight into 
engineering practices involving red clay in cold regions. 

Nowadays, the studies on the soil engineering properties after FTCs are mostly 
concerned with the change in the soil mechanical properties [10–13], soil permeability and 
hydraulic properties [14–17], dynamic properties and strength evolution of soil after FTCs 
[18,19], and the freeze–thaw resistance characteristics of modified soil [20–22]. Previous 
studies have informed that the FTCs reduce the shear strength of soil [23]. However, the 
influence mechanisms of FTCs on soil strength failed to be completely unified due to 
different test materials and conditions [24]. Furthermore, there are few studies concerning 
the shear strength of red clay after FTCs. Understanding the variation of the shear strength 
of red clay is very important for the ecological and environmental protection of the QTP.  

In essence, the FTC affects the strength properties by changing the structure of the 
soil, and the changes in the strength of the soil can be explained by quantitative changes 
in the microstructure. Therefore, numerous scholars endeavor to explain the effect of FTCs 
on soil strength from the microstructure level. Zhang et al. [25] conducted mercury 
intrusion porosimetry (MIP) and scanning electron microscope (SEM) tests on silty clay. 
They found that repeated FTC processes altered the distribution of pores inside 
specimens, with the increase in penetration pores and cracks, resulting in a decline in the 
strength of specimens. However, both MIP and SEM tests have a size effect, and the test 
specimens need to be freeze-dried, which leads to the distortion of pore data to a certain 
extent. Moreover, the utilization of computer tomography (CT) technology in geotechnical 
research is increasingly mature. The structural damage of soil induced by FTCs was 
analyzed quantitatively using CT scanning technology [26–28]. Xu et al. [29] attempted to 
uncover the change mechanism of the silty clay strength in the QTP under the influence 
of FTCs through SEM and CT tests. The findings revealed that when the number of FTCs 
increased, the structure of silty clay became loose, causing the bond between soil particles 
to weaken. After five FTCs, the porosity of silty clay and the content of large aperture 
pores increased significantly. However, CT detection is expensive, and the post-
processing of image results is complex. Nuclear magnetic resonance (NMR) can carry out 
nondestructive detection of the pore distribution of objects. The accuracy of its results has 
been verified in many tests [30–32], providing a new idea for revealing the change 
mechanisms of the soil strength after FTCs from the micro level. Li et al. [33] performed 
SEM and NMR tests on expansive soil in seasonally frozen areas. The results revealed that, 
during the FTCs, the porosity of expansive soil decreased, with micropores remaining 
largely unchanged. Mesopore content increased while macropore content decreased. Ye 
et al. [34] performed NMR tests on loess-paleosol after FTCs. The test results revealed that 
an increase in FTCs led to a rise in the signal amplitude of the T2 spectrum curve of 
paleosol. Mesopore content decreased and that of macropores and maximum pores 
increased. Currently, scholars have achieved significant advances in the research of red 
clay’s strength and permeability alterations subjected to FTCs [35,36]. However, there has 
been little exploration of the micro mechanism of red clay strength degradation. 

The shear strength criterion is an important theory to describe the shear strength of 
soils. Shear strength criteria were proposed to describe the soil strength under different 
FTC conditions. Ye et al. [37] proposed a strength model of loess based on the variation in 
cohesion with the number of FTCs and water content. The strength degradation of loess 
after FTCs was well predicted. Wang et al. [38] proposed a new shear strength criterion 
based on the Mohr–Coulomb strength model, considering the influence of the number of 
FTCs on the cohesion and the internal friction angle of clay. Actually, FTC leads to 
strength degradation by changing the structure of the soil. However, the change in 
structure was not considered in the above shear strength criteria. Therefore, it is urgent to 
propose a shear strength criterion to consider the FTC effect on soil microstructure. 

In this research, to clarify the impact of FTCs on the shear strength and 
microstructure of red clay, triaxial shear and NMR tests were performed. According to the 
multiscale analysis of shear strength and NMR tests, an extended Mohr–Coulomb 
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strength model was proposed. The model can reflect the macroscopic strength 
deterioration through the soil structural damage by the FTC effect. Valuable references 
about engineering design involving red clay and ecological conservation in the QTP can 
be provided through research findings. 

2. Materials and Methods 
2.1. Study Site  

The location of the study site is Nangqian County, Yushu Prefecture, Qinghai 
Province, in the east of the QTP (as shown in Figure 1). The climate of Nangqian County, 
situated at an altitude of 3500–4500 m, is a typical continental monsoon climate governed 
by the cold high pressure in Qinghai Tibet and influenced by the southeast warm air flow 
invading from the Tongtian River. The climate undergoes drastic changes, with no clear 
distinction between the four seasons, primarily divided into cold and warm seasons. 

. 

Figure 1. Location of the study site. 

2.2. Materials 
The red clay collected from a slope near Nangqian County was used as the material 

in this study. The red clay was air-dried and pulverized, then sieved through a 2 mm sieve. 
Table 1 displays the basic physical properties of red clay. Figure 2 illustrates the particle 
composition of red clay. The liquid limit and plastic limit of the soil are 45.5% and 23.9%, 
respectively. The soil is classified as “CL” (clay of low plasticity) according to the Unified 
Soil Classification System. 

Table 1. The basic physical properties of red clay. 

Natural Moisture 
Content 

(%) 

Specific 
Gravity 

Liquid 
Limit 
(%) 

Plastic Limit 
(%) 

Dry Density 
(g/cm3) 

Optimal Moisture 
Content 

(%) 

Maximum  
Dry Density  

(g/cm3) 
24.3 2.78 45.5 23.9 1.63 18.9 1.685 
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Figure 2. Particle-size distribution of red clay. 

2.3. Specimens Preparation 
Distilled water was blended with soil particles to get a moisture content of 24%. 

Mixed soil was wrapped in plastic wrap and placed in a moisture box for 24 h to guarantee 
the even moisture distribution. Then, compacted specimens were prepared by static 
compaction in a mold in five layers. Following the compaction of each layer, the surface 
was scraped to ensure the uniform compaction of specimens. The cylindrical specimens 
measured 50 mm in diameter and 100 mm in height.  

2.4. Testing Procedure 
First, the specimens prepared according to the specimen preparation method in 

Section 2.3 were saturated by vacuum. Then, red clay was subjected to FTC. Finally, 
triaxial strength tests were executed to acquire the shear strength, and NMR tests were 
executed to acquire the structure information of red clay. The test procedure can be seen 
in Figure 3. 

 
Figure 3. Test flowsheet: (a) freeze–thaw cycling; (b) triaxial shear strength test; (c) NMR test. 
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2.4.1. Freeze–Thaw Cycling Tests 
The FTC test process is shown in Figure 3a. A low-temperature test chamber with a 

range of −20 to 25 °C was used for FTC tests. The annual extreme temperature fluctuations 
that have occurred in the Nangqian area over the past 40 years were collected by 
consulting the National Meteorological Science Data Center, as shown in Figure 4. The 
minimum extreme low temperature of the year was taken as the freezing ambient 
temperature in this test, which is about −17 °C. The maximum extreme high temperature 
of the year was taken as the melting ambient temperature, which is about 20 °C. The 
timeframe for freezing and thawing was designated as 12 h to ensure that the specimens 
were completely frozen and fully melted, and this process was defined as a complete FTC. 
The number of FTCs was set to 0, 1, 2, 3, 4, 5, 6, and 7. The necessary specimens were 
removed for subsequent tests after reaching the designed number of FTCs. The rest of the 
specimens continued to undergo FTC tests. 

 
Figure 4. Annual temperature extremes in the Nangqian region in the past 40 years. 
(“https://data.cma.cn/ (accessed on 9 January 2023)”). 

2.4.2. Triaxial Shear Tests 
BS01015 full-automatic stress path triaxial apparatus manufactured by American 

GEOTAC company (Houston, TX, USA) was selected as the triaxial shear test instrument, 
as shown in Figure 3b. The amounts of 50 kPa, 100 kPa, 200 kPa, and 400 kPa were the 
confining pressures during the triaxial shear tests. To reduce the disturbance of the 
consolidation and drainage process to the soil structure after FTCs, unconsolidated and 
undrained (UU) triaxial shear tests were conducted. The axial loading rate was set at 0.4 
mm/min, and the end strain was controlled at 20%. 

2.4.3. Nuclear Magnetic Resonance Tests 
Assuming that water in the soil meets the condition of “rapid diffusion state” [39,40], 

the equation below can be given as 

2
2

1 S
T V

ρ≈  (1)

where SV−1 is the ratio of the surface area and volume of the pore water; ρ2 is the surface 
relaxivity, which is a characteristic of soil and is strongly affected by paramagnetic ions 
on the surface of soil particles [41,42]. 

The NMR test instrument was a MesoMR14-060H-1 low-field nuclear magnetic 
resonance instrument manufactured by Jiangsu NIUMAG company (Suzhou, China), as 
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shown in Figure 3c. Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence was used in the 
test. Table 2 displays the parameters. Specimens were tested after FTCs for 0, 1, 3, 5, and 
7. The same specimen was used for the test to avoid the error caused by the difference in 
the specimen itself. In addition, the specimen was vacuumized and saturated before each 
NMR test to ensure the accuracy of pore information. 

Table 2. The parameters of CPMG pulse sequence. 

Sampling 
Frequency 

(kHz) 

Main 
Frequency 

(MHz) 

Pulse 90° 
(μs) 

Pulse 180° 
(μs) 

Regulate 
First Data 

(ms) 

Regulate 
Analog Gain 

(dB) 

Regulate 
Digital Gain 

Echo Time 
(ms) 

250 12 13.52 27.04 0.002 10 3 0.2 

3. Results 
3.1. Triaxial Shear Test Results 

Figure 5 shows the results of the tested stress–strain relationship. The deviator stress 
increases with the development of the axial strain. The deviator stress also increases with 
the increase in the confining pressures. In addition, the deviator stress decreases as the 
number of FTCs increases. In particular, the slope of the stress–strain curves decreases 
significantly following the initial FTCs. However, the change in stress–strain curves is not 
significant after five FTCs. Besides this, the FTC has no apparent impact on the type and 
characteristics of the red clay stress–strain curves, and the deviator stresses usually 
increase as the axial strain increases until they tend to be stable in the later stage, 
exhibiting a strong strain-hardening type. 
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Figure 5. Stress–strain curves under different numbers of freeze–thaw cycles. 

3.2. Nuclear Magnetic Resonance Test Results 
The T2 distribution curves (Figure 6) of red clay exhibit a distinct bimodal distribution 

characteristic. It reflects the water content inside the red clay and the corresponding pore 
size distribution, whereby the soil pores are primarily distributed between two sizes. The 
prominent main peak accounts for about 95% of the total area of the T2 spectrum, 
primarily between 0.01 and 4.82 ms. The secondary peak accounts for about 5% of the total 
area of the T2 spectrum, primarily between 7.31 and 72.32 ms. To facilitate analysis, the 
pores inside the red clay are categorized according to distinct peaks. The primary peak 
corresponds to micropores, while the secondary peak corresponds to macropores. The 
pore structure of red clay was influenced strongly by FTC. As the number of FTCs 
increases, the peak value of the main peak moves down slightly, and the area of the 
primary peak decreases. The secondary peak value moves up slightly, and the pore 
distribution range becomes wider, resulting in an increase in the area of the secondary 
peak. It indicates that some micropores transform into macropores because of the FTC 
process. As the number of FTCs increases, the proportion of macropores increases 
gradually, which can be shown by the damage degree of specimens due to the FTC 
process.  
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Figure 6. T2 distribution curve of red clay. 

4. Discussions 
4.1. Analysis of Shear Strength 

To further analyze the deterioration of the shear strength of red clay after FTCs, the 
deviatoric stress at an axial strain of 15% is taken as the peak deviator stress. Figure 7 
shows the peak deviator stress of specimens subjected to FTCs under different confining 
pressures. The strength is significantly deteriorated by the FTC process. The peak deviator 
stress gradually declines with the increase in FTCs, yet the rate of deterioration slows 
down. As the radial stress increases, the range of peak deviator stress reduction increases. 
Furthermore, the reduction process of the shear strength can be classified into three 
phases: rapid reduction, slow reduction, and stabilization. Among them, the attenuation 
degree of the shear strength is the most significant in the rapid reduction stage where the 
shear strength decreases by approximately 30% under four radial stresses. Additionally, 
the peak deviator stress after seven FTCs is approximately 65% of the initial strength. 

 
Figure 7. Variation curves of peak deviator stress of specimens under four confining pressures. 

According to the value of failure strength in Figure 7, the stress Mohr circle and 
strength envelope under different confining pressures are drawn with the shear stress as 
the ordinate and the normal stress as the abscissa. The intercept between the strength 
envelope and the ordinate is cohesion, and the angle between the strength envelope and 



Appl. Sci. 2024, 14, 3169 9 of 15 
 

the abscissa is the internal friction angle. According to this method, the cohesion and 
internal friction angle of red clay are calculated. The shear strength parameters of the red 
clay are illustrated in Figure 8. As the number of FTCs increases, the cohesion gradually 
declines to stable, showing a characteristic of deceleration degradation. The cohesion 
decreases the most after the first FTC, accounting for 46.26% of the total degradation. After 
three FTCs, the cohesion deteriorates to about 83% of the total degradation. After five 
FTCs, the cohesion changes weakly and the change trend gradually tends to be stable. It 
can be seen that the decreasing trend of the shear strength and cohesion is similar, 
indicating that cohesion is the most important factor for the shear strength of red clay. In 
addition, the internal friction angle also displays a decreasing tendency, but the change 
range is small compared with the cohesion. The curves of the measured values of the 
cohesion and internal friction angle with the number of FTCs were both in line with the 
logistic model. The specific fitting functions relationship can be expressed as Equations (2) 
and (3): 

( )1.631.5 16.7 / 1 0.9c N= + +  (2)

( )3.26 2.2 / 1 0.1Nϕ = + +  (3)

where c and φ are the cohesion and internal friction angle, respectively. N is the number 
of FTCs. 

 
Figure 8. The shear strength parameters of red clay change with the number of freeze–thaw cycles. 

4.2. Analysis of Microstructure 
The shear strength of red clay is continuously deteriorating due to the action of FTCs 

(see Figures 7 and 8). Through NMR test results, as the number of FTCs increases, an 
increase in macropores leads to a loose structure and weakens the strength of red clay. 
During the freezing phase, the low ambient temperature causes the pore water to turn 
into ice. The ice crystals squeeze the soil skeleton, causing irreversible damage and 
reducing the bond between soil structures. This will result in a sharp reduction in cohesion 
and deterioration in the shear strength of red clay. The formation of through pores or 
cracks weakens the friction and occlusion between soil particles, causing a slight reduction 
in the friction angle.  

Recalling that the pore size distribution of saturated soils can be reflected through T2 
distribution curves, the calculation method of the area below the T2 distribution curves is 
to sum the signal amplitude I corresponding to the T2 value, and the result is shown in 
Figure 9. 
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Figure 9. Variation of T2 spectral area with the number of freeze–thaw cycles. 

According to Figure 9, as the number of FTCs increases, the area of micropores 
declines to a stable level, while the area of macropores increases to a stable level. After five 
FTCs, the T2 spectral area largely stays in place and the pore size distribution remains 
unaltered. It indicates that the red clay has reached a new stable structure at the 
microscale. The corresponding macroscale performance is that the shear strength of the 
specimens essentially reaches a stable value. This demonstrates that the structural damage 
of red clay caused by FTCs is mainly caused by macropores. Therefore, a damage factor 
based on the area of T2 spectral is defined as η, which can represent the changing rate of 
T2 spectral area after FTCs. The redistribution of pores inside the red clay will lead to soil 
structure looseness and strength deterioration. The damage factor can characterize the 
damage degree of soil microstructure caused by FTCs. The greater the value of η, the 
greater the deterioration of the soil structure. The calculation formula of η is as below 

N Micropore,N 0 Micropore,0

0 Micropore,0

I I I I
I I

η
−

=    
 

 (4)

where I0 is the signal amplitude corresponding to the T2 value of the specimen without 
FTC, and IN is the signal amplitude corresponding to the T2 value of the specimen after N 
FTCs. IMicropore,0 is the signal amplitude corresponding to the T2 value of peak 1 without 
FTC, and IMicropore, N is the signal amplitude corresponding to the T2 value of peak 1 after N 
FTCs. 

The change in η with the increase in the number of FTCs can be fitted as Equation (5), 
and the result is illustrated in Figure 10.  

( )0.43 1 Neη −= −  (5)

Figure 10 reveals that as the number of FTCs increases, the damage factor gradually 
rises to a stable state. This suggests that the redistribution of pores significantly influences 
the shear strength of red clay. Therefore, the study of such pores should be given special 
attention in engineering practices.  
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Figure 10. The fitting curve of η with the number of freeze–thaw cycles. 

4.3. Extended Mohr–Coulomb Strength Model 
The shear strength of red clay deteriorated after FTCs, and the deterioration process 

of the shear strength must be accompanied by structural damage. The NMR test results 
can accurately reflect the alterations in the microstructure of red clay during the FTC 
process. The damage factor was established through the microscopic test results, and then 
the shear strength was characterized at the macroscale. Therefore, an extended Mohr–
Coulomb strength criterion was proposed, considering the structural damage caused by 
the action of FTCs. Under the triaxial compression condition, the expression of the Mohr–
Coulomb strength criterion is  

6cos
3 sin

q c Mpϕ
ϕ

= +
−

 (6)

where q is the deviator stress, the difference between the axial stress σ1 and radial stress 
σ3; c is the cohesion; φ is the internal friction; M is the critical state stress ratio, which can 
be obtained through the friction angle φ; p is the mean stress.  

1 3q σ σ= −  (7)

( )1 32 3p σ σ= +  (8)

( ) ( )1 3 1 sin 1 sinσ σ ϕ ϕ= + −  (9)

( )
1 3

1 3

6sin
2 3 3 sin

qM
p

σ σ ϕ
σ σ ϕ

−= = =
+ −  (10)

where σ1 is the axial stress; σ3 is the radial stress. In the triaxial shear test with invariable 
confining pressure, the radial stress σ3 is constant. By substituting Equations (7) and (8) 
into Equation (6), the expression of the Mohr–Coulomb strength criterion can be 
expressed as Equation (11). 

3
3 6cos

3 3 sin
q c M

M
ϕ σ
ϕ

 = + − − 
 (11)



Appl. Sci. 2024, 14, 3169 12 of 15 
 

The microstructure of red clay is altered due to the effect of FTCs. The ability of 
specimens to resist shear displacement weakens, causing a sharp decrease in cohesion. 
Therefore, the expression of cohesion of red clay considering the microstructure damage 
caused by FTCs is established as Equation (12). 

( )0( ) 1c c Aη η= −  (12)

where c0 indicates the cohesion of the specimens that have not undergone the FTC; A is an 
introduced coefficient, which is a constant, representing the evolution rate of cohesion 
with the structural damage.  

Similarly, due to the increase in macropores in the soil, the contact area of soil 
particles decreases, causing a reduction in the internal friction angle. Therefore, the 
expression of the internal friction angle of red clay considering structural damage caused 
by FTCs is established as Equation (13). 

( )0( ) 1 Bb be ηϕ η ϕ  = + −   (13)

where φ0 indicates the internal friction angle of the specimens that have not undergone 
the FTC; B and b are two introduced coefficients, which are constants. B represents the 
evolution rate of the internal friction angle with structural damage caused by FTCs; 𝑏 is 
the compensation coefficient, ensuring that the internal friction angle degenerates to φ0 
when η = 0. 

By substituting Equations (12) and (13) into Equation (11), the shear strength model 
considering structural damage caused by FTCs is obtained as follows. 

3
3 6cos ( )( ) ( ) ( )

3 ( ) 3 sin ( )
q c M

M
ϕ ηη η η σ

η ϕ η
 

= + − − 
 (14)

In practice, coefficient A can be calibrated through the measured cohesion, and 
coefficients b and B can be calibrated through the measured internal friction angle. c0 and 
φ0 of the specimens are 48.2 kPa and 8.25°, respectively. The results of parameter 
calibration are displayed in Figure 11. 

  

Figure 11. Parameter calibration: (a) calibration of parameter A; (b) calibration of parameters b and 
B. 

Figure 12 shows the contrast between the predicted and the measured shear strength 
values of the specimens after different numbers of FTCs. As the structural damage 
intensifies, the shear strength of red clay gradually declines. Considering the structural 
damage caused by the action of FTCs in the proposed shear strength criterion, the 
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variation in the shear strength of red clay after FTCs is accurately predicted. The results 
can offer a theoretical basis for engineering construction amid similar working conditions. 

 
Figure 12. Comparison between predicted and measured peak deviator stress values of the strength 
model. 

5. Conclusions 
In this paper, the deterioration mechanism of the shear strength of QTP red clay was 

analyzed at multiscale through triaxial shear and NMR tests. The conclusions of the 
present work are summarized as follows. 
1. As the number of FTCs increases, the peak deviator stress of red clay declines 

significantly, and the decreasing trend can be described in three phases: rapid 
reduction, slow reduction, and stabilization.  

2. The T2 spectrum curves of red clay exhibit a distinct bimodal distribution 
characteristic. The primary type of pores within the specimens is micropores. After 
FTCs, part of the micropore develops into a macropore, leading to structural damage. 

3. The mechanism of the shear strength deterioration of red clay after FTCs is revealed. 
The phase transformation of water inside red clay causes a frost-heaving force to act 
on the soil skeleton and pore volume expansion. The area of macropores inside the 
red clay increases, leading to a looser structure and a deterioration of the shear 
strength of the soil.  

4. An extended Mohr–Coulomb strength model considering the structural damage 
caused by the action of FTCs is established. The shear strength of red clay after FTCs 
can be well predicted by the extended strength model. In future work, more freeze–
thaw cycles and experimental studies will be conducted to verify the proposed 
model. The research results have a reference value for exploring the disaster 
mechanism of freezing and thawing in the QTP. 
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