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Freeze-thaw (FT) cycling is a crucial issue in seasonal frozen regions and it will influence
the mechanical properties of soils, which must be strictly considered for embankment
engineering. This study conducted a series of unconsolidated and undrained triaxial
tests under various closed-system FT cycles to investigate the mechanical properties
of a typical embankment clay from China. Results indicated that the stress-strain
curves changed from strain hardening or stabilization to softening during FT cycles.
The elastic modulus was obviously weakened by FT cycles and declined sharply after
the first FT action. The failure strength gradually reduced with the accumulation of FT
cycles and eventually tended to be stable when the FT cycles reached 10, and the
attenuation range was approximately 6–22% compared with the condition before FT
cycles. Moreover, a phenomenological model on the failure strength was established
by results of the tested clay in this study and validated to be robust through multiple
sets of different clays data from other published literatures. Based on that, combined
with the Mohr stress circle equation and envelope theory, an innovative method for
rapidly obtaining the shear strength was proposed. The ensuing discoveries were that
the cohesion was damaged in the course of the first few FT cycles and then kept
basically constant after 10 cycles, while the internal friction angle was not sensitive to
FT cycles. The normalized empirical formula was deduced and can simultaneously
apply to the strain hardening, stabilization, and softening curves given the effect of FT
cycles.
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curve

INTRODUCTION

In geotechnical and road areas, the mechanical properties of embankment soils have been paid
sustained attention of related researchers and engineers. Moreover, given the stability and durability
during the operation period, a complex and changeable climate environment is a foreseeable latent
threat to the service performance of embankment soils. According to the available statistical data, the
distribution area of seasonal frozen regions widely accounts for approximately 53.5 and 23% of
China’s and the world’s total land area (Zhou et al., 2018). In such areas, every year the embankments
are subjected to short-term or even continuous high-frequency freeze-thaw (FT) cycles (Hao et al.,
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2022). The violent weathering attributed to FT cycles attenuates
mechanical properties of soils to varying degrees, as many failures
of subsistent embankments are due to this phenomenon, e.g.,
uneven frost heave (Miao et al., 2020), thaw subsidence (Wang
et al., 2015), slope destabilization (Gowthaman et al., 2020), and
retaining wall collapse (Rui et al., 2016). Thus, it is of great
academic and pragmatic significance to explore the mechanical
properties of embankment soils considering repeated FT cycles.

For embankment soils suffering from FT cycles, the
investigations focused on mechanical properties can be
acquired in previous documents. At present, it has been
generally agreed that the mechanism of soil damage owing to
FT cycles is as follows: 1) on the macroscopic scale, the cryogenic
suction induced unfrozen water to migrate toward the frozen area
and produce ice lenses; these ice lenses thawed at the positive
temperature and formed cracks in the compacted soils (Zhang
et al., 2014; Aldaood et al., 2016); and 2) on the microscopic scale,
the growth of pore ice makes the particles be uplifted, which is the
primary reason that changes soil internal structure and thus
deteriorates soil properties (Nguyen et al., 2019; Liu et al.,
2020). In terms of specific properties, such as the stress-strain
curve transformation as well as the failure strength, shear
strength, and elastic modulus, they fluctuate with the FT
cycles. By the direct shear apparatus, He et al. (2020) studied
the shear behavior occurs on frozen soils-concrete interface. The
results indicated the relationship between shear stress and
horizontal strain generally presents a strain softening type. In
particular, three characteristic stages can be observed on the
curve: pre-peak, post-peak, and residual can be observed on the
curve. Also, for the test environment at −5°C, the peak cohesion
declines with the increase of FT cycles, while the law of peak
friction angle is the opposite. In the same vein, Wang et al. (2020)
discovered that the internal friction angle of soft soils was not
sensitive to FT cycles. Meanwhile, the first FT action weakened
the cohesion weakly, then the attenuation continued to
accumulate, and the 10th FT cycle was the threshold for it to
achieve stability. In parallel, the mechanical properties of soils are
usually revealed via the unconfined (uniaxial) compression test.
As pure expansive soils suffer the entire FT cycle, Lu et al. (2020)
claimed that the stress-strain curves did not change in type. At the
same time, when the cycles exceed 9, the curves basically overlap,
and this rule was also obtained between the failure strengths.
When Ding et al. (2018) chose improved clay as the object; they
showed that under the intricate impacts of FT cycles,
polypropylene fibers, and cement, the stress-strain curves
exhibited two forms, namely, strain softening and strain
stabilization. They also reported that the failure strengths of
the clay treated by various methods were reduced by 42–69%
after 10 FT cycles, and then the fluctuation was negligible. In
addition,Wang et al. (2017) measured the elastic modulus of fine-
grained soils using a lever pressure gauge.Within the conclusions,
they suggested taking the value after 6 FT cycles for designing the
pavement structure in seasonal frozen areas and proposed 0.5–0.6
as the range of FT reduction coefficients. To reflect the actual
engineering states more comprehensively, the researchers added
considerations about the confining pressure in the test conditions.
Zhou et al. (2019) carried out the orthogonal consolidated and

undrained tests to underline the effect degrees on multiple factors
for statics mechanical characteristics of the soil-rock mixtures.
Their results highlighted that the cohesion and internal friction
angle continued to decrease during the consecutive FT processes.
Moreover, under the higher confining pressure, the attenuation of
the failure strengths caused by FT cycles is relatively slight. Wei
et al. (2019) uncovered a similar phenomenon with a series of
unconsolidated and undrained (UU) tests, and three load response
types, strain softening, strain stabilization, and strain hardening, all
appeared in the experimental results. However, in an earlier work
by Liu et al. (2016), they conducted UU tests on the silty sand at
confining pressures of 100, 200, and 300 kPa, where it was noticed
that the internal friction angle did not seem to reduce regularly
with FT cycles and only two stress-strain relationships of strain
hardening and stabilization occurred. More importantly, the
authors established a normalized equation based on the Konder
hyperbolic model and it can well describe the stress-strain
relationship for their selected soils given the effect of FT cycles
as well as confining pressures. This breakthrough was believed to
be significant for predicting the stress-strain curve of other soils
such as the plain or lime-treated loess in Xining, Qinghai province,
China (Zhang et al., 2019).

In conclusion, these published literatures served insightful and
valuable understandings on the mechanical properties of
embankment soils suffering FT cycles. Nonetheless, due to the
disparate soil types and test methods, the findings, especially the
stress-strain relationships and shear strength indexes affected by
FT cycles, are not generally unified, which limits the guidance for
embankment construction. Also, existing research has
concentrated on the influence factors and variation rules for
mechanical properties of soils, but the corresponding evaluation
models have rarely been discussed. Furthermore, the constitutive
equation originating from the Konder model was applicable to
hardening or stabilization soils, while the prediction for strain
softening curves remains poorly understood.

To address the aforementioned imperfections, in this paper, a
typical embankment clay was investigated through a series of UU
tests under different FT cycles. From the experimental results, the
evolution and phenomenological models for the mechanical
properties of the tested clay were elucidated. In particular, in
conjunction with the published data and the envelope theory, a
creativemethod for rapidly predicting the shear strength indexes of
embankment clay was highlighted. Not only that, the
comprehensive normalized constitutive relationship considering
the effect of FT cycles was presented and can predict the stress-
strain curves with different types, especially the strain softening.
These main findings can provide novel contributions to
engineering construction in seasonal frozen regions.

LABORATORY EXPERIMENTS

Properties of Materials
This study selected typical clay from China as the tested soil.
According to the Chinese Specification of JTG 3430-2020, Test
Methods of Soils for Highway Engineering, the main basic physical
properties of the tested soils were listed in Table 1. On the basis of
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these parameters, the soils were determined as low liquid limit clay
(CL) in accordance with the Unified Soil Classification System.

Specimen Preparation
Limited by the difficulty of achieving undisturbed soils, and in
order to ensure consistent humidity and density levels between
specimens, the soils were remolded and tested in the
laboratory. Firstly, the soils were crushed and collected after
filtering by the 2-mm sieve, then dried at 105°C for 12 h.
Subsequently, the dry soils were mixed with distilled water
at the optimum moisture content and then stored in a sealed
plastic bag for 24 h so that the moisture was uniform. The
principle of this specimen preparation method is to simulate
the actual humidity inside most embankments (Lin et al., 2017;
Bozbey et al., 2018). At the same time, the dry density of the
specimens was maintained at 1.73 g/cm3. Afterwards, the wet
soil with the calculated mass was compacted by five layers into
a cylinder that was 68 mm in diameter and 140 mm in height.
The rationale behind this was that ASTM D2850 states the
height-to-diameter ratio should be greater than 2. Finally, the
specimens were wrapped to avoid water evaporation and
waited for the next tasks.

Freeze-Thaw Cycles
The closed-system FT cycle experiments were applied in this
study. This method is suitable for depicting the condition that
there are no obvious differences in the in-situmoisture content all
year round. Meanwhile, given the low permeability of clay, the
rate of frost penetration is significantly faster than moisture
transportation, so that there is no adequate time to achieve
persistent replenishment of moisture to the frozen front

during the freezing process (Güllü and Khudir, 2014). Thus, it
is reasonable to adopt the closed FT type here.

As shown in Figure 1, the entire FT cycle tests were
performed in the automatic refrigerator (the range was from
−60 to 150°C) with internal temperature sensors (the precision
was ±0.5°C). The prepared specimens were encased in
preservative film to prevent moisture exchange. The
specimens were first frozen at −20°C for 12 h, and following
this period, they were thawed at 20°C for 12 h. The two processes
were integrated into one FT cycle, and so on. In earlier pertinent
reports, it can be found that these temperatures and durations
were approved by some scholars (Orakoglu and Liu, 2017;
Nguyen et al., 2019; Gowthaman et al., 2020; He et al., 2020;
Lu et al., 2020). The numbers of FT cycles in this study were
designed as 0, 1, 3, 6, 10, and 15.

Unconsolidated and Undrained Triaxial
Tests
DYNATRIAX-100/14 (Figure 2), a triaxial test apparatus, was
employed to investigate the mechanical properties of clay in this
study. Its axial load limit was 100 kN, the confining pressure
could be adjusted from 0 to 1000 kPa, and the maximum axial
distance of the actuator was 100 mm. The external transducer
with the highest frequency of 1000 Hz collected real-time
displacement and load data for the computer.

When the specimens had been subjected to the preset FT
cycles, they were transferred to the triaxial chamber for UU tests.
The axial loading rate was 0.8% per min and the values of
confining pressures were set at 50, 100, 150, 200, 300, and
400 kPa, respectively. Once the axial strain of the specimens
reached 20%, the test ended.

TABLE 1 | Main basic physical properties of the tested soils.

Liquid limit
(%)

Plastic limit
(%)

Plastic index Maximum dry
density

Optimum moisture
content (%)

0.075-mm passing
percentage (%)

48.2 21.4 26.8 1.86 g/cm3 14.1 93.1

FIGURE 1 | Processing of specimens subjected to FT cycles.

FIGURE 2 | The triaxial loading apparatus of this study.
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EXPERIMENTAL RESULTS AND
DISCUSSIONS

The stress-strain response, elastic modulus, failure strength, and
shear strength are attractive indicators for the mechanical properties
of soils in engineering (Zhou et al., 2015; Wei et al., 2019; Xiao et al.,
2019). This section set out to present the test curves and excavated
their implied information to research characteristics of the other
three parameters. At the same time, a practical and innovative
method for rapidly predicting the cohesion and internal friction
angle of soils under FT cycles was established.

Stress-Strain Response Affected by
Freeze-Thaw Cycles
Figure 3 displays the stress-strain curves of the tested soils with
various FT cycles and confining pressures (σ3). For strain
softening soils, with the development of axial strain, the
deviator stress first reaches its peak point and then declines
gradually. While soils exhibit strain hardening characteristics,
the deviator stress increases along the axial. As for strain

stabilization curves, the deviator stress rise to a stable value
with the accumulation of axial strain, and then continues to
stabilize. Accordingly, three types of stress-strain responses can
be observed in the experimental results. Moreover, at the identical
confining pressures, it can be found that the more FT cycles, the
smaller the peak value of softening curves, and after the 10th FT
cycle, this change is not considerable.

Figure 3 also shows that, with the given FT cycles, the rise in
confining pressures causes greater deviator stress when the soils
achieve the same axial strain. This indicates that the constraint
effect contributed by confining pressures strengthens the soils to
better resist axial loads. In addition, the behaviors of strain
hardening or stabilization occurred in the absence of FT cycles
while the softening appeared with FT cycles. In other words, FT
cycles can transform the types of stress-strain curves of the soils in
this study. This phenomenon is consistent with the findings
reported by Roustaei et al. (2015) and Orakoglu and Liu
(2017), but different from Xian et al. (2019). One possible
explanation is that the different clays with their own diverse
properties were selected in this research, resulting in differences
in the numbers of FT cycles and confining pressures

FIGURE 3 | Stress-strain curves of the tested clay suffering from various FT cycles. (A) 0 FT cycle. (B) 1 FT cycle. (C) 3 FT cycles. (D) 6 FT cycles. (E) 10 FT cycles.
(F) 15 FT cycles.
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corresponding to the critical conditions when the stress-strain
curves transition.

Elastic Modulus Changes Affected by
Freeze-Thaw Cycles
Elastic modulus is a key indicator for describing the stiffness and
anti-deformation ability of soils. For instance, in a recent study,
Ling et al. (2020) discovered that railway coarse-grained materials
that had undergone 10 FT cycles lost 68, 57, and 50% of their
elastic modulus at confining pressures of 30, 60, and 90 kPa,
respectively. For simplicity, the stress-strain curves were
considered to be linear within the 2.0% axial strain, and the
slope of this point was defined as the elastic modulus value (Wei
et al., 2019; Liu et al., 2021), which can be determined in Eq. 1:

E � (σ2.0% − σ0)/(ε2.0% − ε0) (1)
where E denotes the elastic modulus; σ2.0% is the deviator stress
when the axial strain reaches 2.0% (ε2.0%); and σ0 and ε0 are the
initial stress and strain, respectively.

Figure 4 reveals the relationship between the elastic modulus
and confining pressures with different FT cycles. Taking the state
of 6 FT cycles as an instance, when the confining pressure ranged
from 50 kPa to 100, 150, 200, 300, and 400 kPa, the elastic
modulus increased by 20, 33, 51, 67, and 85%, respectively.
This analysis result means that the confining pressure has a
considerable positive effect on the elastic modulus of the
studied clay. On the other hand, it can be observed that the
accumulated FT cycles declined the elastic modulus.
Furthermore, the value decayed sharply during the first FT
cycle and stabilized after a certain number of cycles, in
agreement with most research on clay in the past decade
(Roustaei et al., 2015; Wang et al., 2007; Xian et al., 2019).
Based on the foregoing analysis, to better understand the
elastic modulus of the studied clay, this study suggested a
novel empirical model through the multiple regression
modeling of all 36 data points in Figure 4, especially adopting

the modificatory logarithmic form to embody the effect of FT
cycles, as shown in Eq. 2. The result is satisfactory in reference to
the recommended criteria for evaluating the determination
coefficient (R2) in geotechnical engineering (Zhang et al.,
2020b; Zhang et al., 2021; Yao et al., 2022), namely, a fair fit
is defined as 0.4 ≤ R2 ≤ 0.69, a good fit is R2 = 0.7–0.89 and an
excellent fit is R2 ≥ 0.9.

E � 1.83[Ln(e +N)]−0.15(σ3 + 99.52)0.49(R2 � 0.95) (2)
where N is the number of FT cycles.

Failure Strength Affected by Freeze-Thaw
Cycles
This study ascertained the failure strength of clay in accordance
with the instructions of ASTM D2166: for strain softening clay,
the deviator stress corresponding to the peak of the stress-strain
curve is the failure strength; and if strain hardening or
stabilization occurs, the deviator stress at 15% of the axial
strain is taken as the failure strength. The results of the failure
strength due to various confining pressures and FT cycles are
presented in Figure 5. It can be seen that the addition of confining
pressures continuously improved the failure strength. Also, the
failure strength weakened throughout the FT cycles and then
basically tended to be stable after 10 FT cycles with an
approximate attenuation rate of 6–22% compared to the state
before FT cycles. This law may be produced as follows: the water
in pores freezes into ice at a negative temperature, and the volume
of ice is roughly 9% larger than liquid water (Zhou and Wei,
2020). The growth of ice crystals uplifted the soil particles, but
when ice crystals thaw at positive temperatures, the lifted particles
cannot be completely restored (Zhou et al., 2018). Thus, a
complete process comprising freezing and thawing resulted in
the expansion of pores between particles and the attenuation of
failure strength. Furthermore, with increasing FT cycles, the
contribution of ice crystals to the lifting of particles decreased
gradually until the pores between the particles were expanded by
repeated FT cycles were large enough to endure the volume

FIGURE 4 | Elastic modulus under various confining pressures and FT
cycles.

FIGURE 5 | Failure strength under various confining pressures and FT
cycles.
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growth due to the phase transitions in water, the failure strength
was no longer attenuated. Given the above discussions, a new
model can be conceived as Eq. 3.

(σ1 − σ3)lim � k1Pa[Ln(e +N)]k2(σ3
pa

+ 1)k3

(3)

where (σ1 − σ3)lim is the failure strength, σ1 is the major principal
stress; Pa = 101.3 kPa, which is the atmospheric pressure; k1, k2,
and k3 are regression coefficients.

In the stability analysis of embankments, the failure strength of
soils must be strictly considered (Zhao et al., 2020). Obviously, it
is necessary and meaningful to verify the robustness and accuracy
of Eq. 3. As for regression coefficients, k1 is the adjustment
coefficient, that is, proportional to the failure strength, which can
be ascertained to be a positive number because the failure
strength cannot be negative. k2 as an exponent must be a
negative number given that with the increase in the number of
FT cycles, the failure strength decreases. In order to reflect the
influence of confining pressures, k3 is a positive number as well as
an exponent, since the higher the confining pressure, the larger
the failure strength. This study adopted all 36 data points in
Figure 5 and, in conjunction with previous data from other
researchers, fitted Eq. 3 accordingly. The specific regression
coefficients are summarized in Table 2, and the intuitionistic
fitting effect is presented in Figure 6. The results demonstrated
that the signs of regression coefficients in each group were
consistent with the discussions, and the accuracies were
mainly excellent. Simultaneously, the values of the fitted and

experimented failure strength were close. The verification
analysis concludes that the model established as Eq. 3 is
suitable for different clays, although it was proposed only on
the basis of test results from the low liquid limit clay in this study.

Shear Strength Affected by Freeze-Thaw
Cycles and Its Rapid Prediction
The shear strength of soils, specifically cohesion and internal
friction angle, are the most popular parameters in embankment
engineering, as they are the basic inputs necessary for calculating
the slope safety factor. Currently, the common practice is to plot
the Mohr semicircles and envelopes based on the failure strength
determined by triaxial tests to obtain the shear strength (Zhou
et al., 2019). Nonetheless, triaxial instruments are still far from
universal due to their high cost. Furthermore, triaxial tests require
experienced personnel to operate procedures and analyze test
data, which is a complex and time-consuming process. Contrary
to this, trying to propose a method for rapidly predicting the
shear strength through performance-related soil basic parameters
is advisable due to the measurements of these parameters being
faster, more simple, reliable, and accurate.

In the above scenario, the weight percent of soils passing through
0.075-mm sieve (P0.075), the plastic limit (wp) and the liquid limit (wL)
were selected as physical parameters; relative humidity (RH, the ratio
of actual moisture content to optimal moisture content) and relative
compaction (RC, the ratio of actual dry density to maximum dry
density) were taken as status parameters, because they had a
considerable effect on the mechanical properties of soils (Nazzal
and Mohammad, 2010). Corresponding to the various soils in
Table 2, these detailed parameters were summarized in Table 3.
Subsequently, an excellent multiple regression relationship between
these basic parameters and the model regression coefficients (k1, k2

TABLE 2 | Regression coefficients in Eq. 3 of different clays.

No References Class k1 k2 k3 R2 Correlation

A This study CL 5.23 −0.16 0.51 0.95 Excellent
B Liu et al. (2019) CL 1.67 −0.18 0.74 0.99 Excellent
C Zhang et al. (2019) CLY 1.47 −0.09 1.34 0.98 Excellent
D Wei et al. (2019) ML−CL 1.13 −0.27 1.37 0.99 Excellent
E Orakoglu and Liu (2017) CL 7.09 −0.61 0.52 0.78 Good
F Xian et al. (2019) CL 2.75 −0.59 0.77 0.97 Excellent
G Roustaei et al. (2015) CL 6.51 −0.57 1.18 0.82 Good

FIGURE 6 | Comparison between the fitted and experimented failure
strength.

TABLE 3 | Performance-related basic parameters of different soils.

No k1 k2 k3 P0.075

(%)
wp

(%)
wL

(%)
RH
(%)

RC
(%)

A 5.23 −0.16 0.51 93.1 25.5 48.3 100 93
B 1.67 −0.18 0.74 69.1 17.2 25.2 102.3 93
C 1.47 −0.09 1.34 25.2 14 24.8 100 100
D 1.13 −0.27 1.37 65.1 15.8 21.3 160.7 91.2
E 7.09 −0.61 0.52 56.5 12.1 30 100 95
F 2.75 −0.59 0.77 99.3 23.5 38.4 100 95.2
G 6.51 −0.57 1.18 95.3 20 36 100 100
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and k3) of Eq. 3 was developed utilizing the JMP statistical analysis
software, as presented in Eq. 4.⎧⎪⎨⎪⎩ k1 � −12.44 + 0.08P0.075 − 0.94wp + 0.41wL + 0.01RH + 0.14RC(R2 � 0.97)

k2 � 1.46 − 0.01P0.075 + 0.07wp − 0.01wL − 0.002RH − 0.02RC(R2 � 0.92)
k3 � −9.57 − 0.003P0.075 + 0.05wp − 0.02wL + 0.01RH + 0.09RC(R2 � 0.95)

(4)

For the particular moment when the soils reach the failure state,
the failure strength expressed byEq. 3 can also be rewritten intoEq. 5:

g(σ1, σ3) � σ1 − σ3 − k1Pa[Ln(e +N)]k2(σ3
pa

+ 1)k3

� 0 (5)

where g(σ1, σ3) is the function of σ1 and σ3 at the failure moment
with FT cycles.

Most failures in geotechnical engineering can be attributed to
shear action, and thus it is meaningful to describe the failure state by
the normal stress and shear stress. This study adopted the widely
usedMohr stress circle to reflect this relationship, as shown in Eq. 6:

f(σ1, σ3) � (σ − σ1 + σ3

2
)2

+ τ2 − (σ1 − σ3

2
)2

� 0 (6)

where f(σ1, σ3) is the function of σ1 and σ3 related to σ and τ, σ is
the normal stress, and τ is the shear stress.

On the basis of the envelope theory, the g(σ1, σ3) and
f(σ1, σ3) have the formulation in Eq. 7 (Yang et al., 2013):

zf

zσ1

zg

zσ3
− zf

zσ3

zg

zσ1
� 0 (7)

Substituting Eq. 5, Eq. 6 into Eq. 7, the normal stress and shear
stress on the shear plane can be derived as given in Eq. 8:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
σ �

σ1 + σ3
⎧⎨⎩1 + k1k3[Ln(e +N)]k2(σ3

Pa
+ 1)(k3−1)⎫⎬⎭

2 + k1k3[Ln(e +N)]k2(σ3
Pa

+ 1)(k3−1)

τ �

����������������������������������������������������������(σ1 − σ3
2

)2

−
⎧⎪⎨⎪⎩σ1 + σ3 + k1k3σ3[Ln(e +N)]k2(σ3Pa

+ 1)(k3−1)
2 + k1k3[Ln(e +N)]k2(σ3Pa

+ 1)(k3−1) − σ1 + σ3
2

⎫⎪⎬⎪⎭2
√√

(8)

The rationality of Eq. 8 is logical, and the reasons are analyzed as
follows. The regression model of failure strength established in this
study, as shown in Eq. 3, has been verified to be reliable by multiple
groups of clay data. Meanwhile, the Mohr stress circle and envelope
theory have been proven to be successful in existing documents.
Therefore, the normal stress and shear stress obtained by them
together should be accurate. In order to have confidence in Eq. 8,

FIGURE 7 | Mohr semicircles and calculated envelopes in this study. (A) 0 FT cycle. (B) 1 FT cycle. (C) 3 FT cycles. (D) 6 FT cycles. (E) 10 FT cycles. (F) 15 FT
cycles.
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themeasured failure strength data of this study were used to draw the
Mohr semicircles, and the set numbers of FT cycles (N), confining
pressures (σ3), fitted k1, k2 and k3 in Table 2, and Eq 5 and Eq. 8 of
this study were adopted to calculate the envelope, as shown in
Figure 7. It can be observed that the calculated envelopes were
basically anastomotic with theMohr semicircles, which indicates that
the Eq. 8 obtained in this section can well describe the nonlinear
relationship between the shear strength of clay and the numbers of FT
cycles and confining pressures.

To sum up, the critical steps in the rapid predictionmethod for
the shear strength of clay considering FT cycles were summarized
and organized as follows:

1) Through a few simple laboratory basic physical tests to
determine the values of P0.075, wp, wL, RH and RC, and
then substitute them into Eq. 4 to calculate k1, k2 and k3;

2) Investigate the climate conditions of the engineering site to
determine the number of FT cycles (N), and select several
confining pressure levels (σ3, 1 m is equivalent to 20 kPa) in
combination with the embankment filling height. Then,
substitute k1, k2, k3, N and σ3 into Eq. 5 to calculate the
corresponding σ1 at the failure state;

3) Substitute each group k1, k2, k3, σ1, σ3 and N into Eq. 8 to
calculate the corresponding σ and τ, and then use the Mohr-
Coulomb linear equation to fit them to obtain the shear
strength indicators under various FT cycles.

Following the above steps, the results of the cohesion and
internal friction angle were summarized in Figure 8. It can be

observed that the cohesion of the tested clay decayed throughout
a whole FT cycles, and the rate of attenuation gradually decreased
until it became flat. This phenomenon has also been found in
previous studies (Orakoglu and Liu, 2017; Wei et al., 2019).
Figure 8 also showed that the internal friction angle of the
tested clay was not sensitive to the numbers of FT cycle, that
is, it fluctuated repeatedly around 23°, which was consistent with
the studies from Liu et al. (2016), Orakoglu and Liu (2017) and
Zhang et al. (2019), but unlike the findings from Zhou et al.
(2019) and Xian et al. (2019). The difference was likely due to the
effect of FT cycles do not cause particles rearrangement in the
tested clay such as interlocking or slipping. Not long ago, a
measurement on the micro-structure of pavement recycled
materials seemed to indicate that the X-ray Micro-Computed
Tomography technology might be an effective means of exploring
this difference (Afshar et al., 2018), however it is beyond the scope
of this study.

It is noteworthy that the method proposed in this work for
rapidly predicting the shear strength of embankment clay under
FT cycles is generally applicable. Concretely, when this method is
applied to other clay, it is only necessary to carry out several
simple basic physical tests and follow the above steps 1)–3) to
achieve the purpose. For situations where the triaxial tests are

FIGURE 8 | Cohesion and internal friction angle of tested clay with FT
cycles.

TABLE 4 | Results of the Konder model for the studied clay before FT cycles.

σ3 (kPa) a (10–5) b (10–3) R2 Etan (MPa) (σ1−σ3)ult (kPa)

50 2.59 1.36 0.96 38.46 733.83
100 2.31 1.09 0.97 43.45 920.41
150 2.08 0.98 0.96 48.04 1022.26
200 1.89 0.87 0.96 52.95 1135.79
300 1.59 0.78 0.98 63.07 1277.89
400 1.47 0.76 0.97 67.87 1314.81

FIGURE 9 | Relationship between E0 and Etan as well as (σ1−σ3)ult.

FIGURE 10 | Relationship between E0 and σ3.
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limited or the shear strength of clay is urgently needed, this
method has satisfactory engineering practicability.

EMPIRICAL CONSTITUTIVE EQUATION
FOR FREEZE-THAW CLAY

Stress-strain curves are the source and foundation for investigating
the mechanical properties of soils. In addition to the experimental
studies, the constitutive equations also help to grasp the stress-strain
relationship well (Zhang et al., 2020a). This part selected reasonable
normalized factors, starting from the situation before FT cycles, and
derived the empirical constitutive equation of the studied clay
considering FT cycles.

Stress-Strain Relationships Before
Freeze-Thaw Cycles
The studied clay before FT cycles in Figure 3A exhibited obvious
strain hardening or stabilization behavior. Here the Konder
hyperbolic model as shown in Eq 9a, Eq. 9b was adopted to
describe the stress-strain relationship, and the results were listed

in Table 4. Although this model showed high accuracy, it could
not easily reflect the influence of confining pressures. In other
words, for different confining pressure levels, corresponding
model coefficients need to be fitted separately, which increases
the difficulty and complexity of operation.

(σ1 − σ3) � ε1
a + bε1

(9a)
ε1

σ1 − σ3
� a + bε1 (9b)

where ε1 represents the axial strain; 1/a is the initial tangent
modulus Etan; and 1/b is the ultimate deviator stress
(σ1−σ3)ult.

Casey and Germaine (2013) reported that the stress-strain
relationship of soils under different conditions can be
expressed by a normalized function. Based on this idea,
multiply both sides of Eq. 9b by a normalized factor of N
to obtain Eq. 10:

ε1N

σ1 − σ3
� aN + bNε1 � N

Etan
+ N

(σ1 − σ3)ultε1 (10)

FIGURE 11 | Deviator stress differences of the tested clay with various FT cycles. (A) 1 FT cycle. (B) 3 FT cycles. (C) 6 FT cycles. (D) 10 FT cycles. (E) 15 FT cycles
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To implement the normalized function, the N should satisfy
a linear relationship with the Etan and (σ1−σ3)ult, respectively.
Through a series of attempts on the mechanical indicators
obtained in Section 3, it was found that the elastic modulus
before FT cycles (E0) met this normalized condition, as shown in
Figure 9.

E0 was selected as the normalized factor N, based on Eq. 10,
and Eq. 11 can be deduced:

ε1E0

σ1 − σ3
� E0

1.6631E0
+ E0

0.0339E0
ε1 � 0.601 + 29.496ε1 (11)

In addition, the E0 also had a relationship with confining
pressures as shown in Figure 10 can be depicted by Eq. 12:

E0 � 39.941σ3 + 23662(R2 � 0.95) (12)
Substituting Eq. 12 into Eq. 11, the stress-strain relationship

of the studied clay before FT cycles can be expressed as Eq. 13:

(σ1 − σ3)0 � (39.941σ3 + 23662)ε1
0.601 + 29.496ε1

(13)

Stress-Strain Relationships Considering
Freeze-Thaw Cycles
The studied clay under FT cycles in Figure 3B to Figure 4F
demonstrated strain softening behavior, and thus the Konder
model cannot be adopted to describe their stress-strain
relationship directly. For this reason, this study introduced a
new variable, namely, the deviator stress differences caused by FT
cycles, and defined it in Eq. 14. The results of deviator stress
differences with various FT cycles are plotted in Figure 11.

Δ(σ1 − σ3) � (σ1 − σ3)0 − (σ1 − σ3)i (14)

FIGURE 12 | Relationship between ΔE0 and ΔEtan as well as [Δ(σ1−σ3)]ult.

TABLE 5 | Results of the Konder model for the deviator stress differences.

FT cycles σ3 (kPa) c (10–4) d (10–3) R2 ΔEtan (MPa) [Δ(σ1 − σ3)]ult (kPa)

1 50 1.87 2.53 0.99 5.35 395.60
100 2.16 2.82 0.99 4.62 354.25
150 2.49 3.54 0.97 4.02 282.22
200 3.12 3.88 0.98 3.21 257.77
300 3.89 4.61 0.99 2.57 216.74
400 6.23 5.45 0.98 1.60 183.40

3 50 1.64 2.33 0.99 6.11 428.59
100 1.96 2.50 0.97 5.10 400.37
150 2.33 3.09 0.98 4.29 323.35
200 2.81 3.43 0.99 3.56 291.32
300 3.02 4.09 0.99 3.31 244.80
400 4.30 4.84 0.99 2.33 206.67

6 50 1.57 2.19 0.98 6.39 456.45
100 1.73 2.30 0.99 5.79 435.05
150 1.96 2.86 0.98 5.09 350.11
200 2.59 3.39 0.98 3.86 294.87
300 2.78 3.78 0.98 3.60 264.48
400 3.51 4.31 0.99 2.85 232.03

10 50 1.45 2.01 0.99 6.91 497.91
100 1.60 2.17 0.99 6.24 460.43
150 1.77 2.72 0.99 5.65 367.77
200 2.11 3.21 0.99 4.74 311.90
300 2.48 3.56 0.99 4.04 280.78
400 3.00 3.96 0.98 3.34 252.49

15 50 1.45 1.93 0.99 6.91 517.36
100 1.60 2.03 0.99 6.24 491.56
150 1.77 2.61 0.99 5.65 383.23
200 2.13 3.13 0.98 4.69 319.11
300 2.53 3.58 0.99 3.96 279.31
400 3.00 3.80 0.99 3.34 263.10
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where Δ(σ1 − σ3) is the deviator stress difference; (σ1 − σ3)0 and
(σ1 − σ3)i are respectively the deviator stress corresponding to the
same axial strain before FT cycles and after the i-th FT cycles.

From Figure 11, the strain hardening behavior was found.
Hence, the Konder model was applied to them, as expressed in
Eq. 15, and the results are exhibited in Table 5.

ε1
Δ(σ1 − σ3) � c + dε1 (15)

where 1/c denotes the initial tangent modulus ΔEtan

corresponding to the Δ(σ1 − σ3); and 1/d is th15e ultimate
deviator stress differences [Δ(σ1 − σ3)]ult.

Following the processing method in Section 4.1, in order
to obtain a normalized relationship between the deviator
stress differences and axial strain, the normalized factor
here needs to have a good linear relationship with both
the ΔEtan and the [Δ(σ1 − σ3)]ult. It can be discovered that
the differences in elastic modulus compared with those before
FT cycles (ΔE0) adapted to this condition, as illustrated in
Figure 12.

ΔE0 was chosen as the normalized factor, and Eq. 16 can be
given:

ε1ΔE0

Δ(σ1 − σ3) �
ΔE0

0.9739ΔE0
+ ΔE0

0.0717E0
ε1 � 1.027 + 13.947ε1 (16)

FIGURE 14 | Tested and calculated stress-strain results of tested clay. (A) 0 FT cycle. (B) 1 FT cycle. (C) 3 FT cycles. (D) 6 FT cycles. (E) 10 FT cycles. (F) 15 FT
cycles.

FIGURE 13 | Results of V with various N as well as σ3.
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To eliminate the intermediate variable ΔE0, this study was aided
by the variation rate (V) of elastic modulus corresponding to various
confining pressures and numbers of FT cycles, as stipulated in Eq. 17.
The results were presented in Figure 13 can be formulated in Eq. 18.

V � ΔE0

E0
(17)

V � 1.38σ−0.493 N0.15(R2 � 0.94) (18)
Combining Eqs 12–14, 16–18, the normalized empirical

constitutive equation for the tested clay considering FT cycles
can be obtained as:

(σ1 − σ3)i � (39.941σ3 + 23662)ε1
0.601 + 29.496ε1

− 1.38σ−0.49
3 N0.15(39.941σ3 + 23662)ε1

1.027 + 13.947ε1
(19)

For the special case N = 0, the Eq. 19 is completely
transformed to Eq. 13, and thus Eq. 19 is also applicable to
the condition before FT cycles. Then Eq. 19 was selected to
calculate the stress-strain curves with the corresponding
confining pressures and numbers of FT cycles. The tested and
calculated results are shown in Figure 14, demonstrating that the
normalized Eq. 19 can preliminarily describe the stress-strain
relationship of the tested clay affected by FT cycles, including
strain hardening, stabilization, and softening forms.

CONCLUSION

This study aimed at gaining a better understanding of the
mechanical properties of embankment clay subjected to FT
cycles. For this purpose, a series of UU tests on a typical clay
sample from China were conducted under various confining
pressures as well as FT cycles. On the basis of the test results,
several key findings were synthesized here:

1) With the accumulation of FT cycles, the stress-strain curves
transformed from strain hardening (or stabilization) to strain
softening. Meanwhile, under the same number of FT cycles,
the greater the confining pressure, the higher the stress-strain
curve. After 10 FT cycles, the curves with corresponding
confining pressures have no obvious difference.

2) The elastic modulus was significantly affected by FT cycles and
decreased sharply after the first FT action. The reduction of
confining pressures also weakened the elastic modulus. From
this, a phenomenological regressionmodel was established by the
modificatory logarithmic form to reflect the effect of FT cycles.

3) The failure strength was damaged by about 6–22% compared
with that before the FT cycles, and the change can be ignored

when the number of FT cycles exceeds 10. At the same time,
the increase in confining pressure enhanced the failure
strength. Similarly, a regression model for the failure
strength was built and proved to be reliable by
experimental results from other researchers.

4) In conjunction with the existing experimental data and the
envelope theory, a method for rapidly predicting the shear
strength through performance-related basic parameters was
proposed. Besides, during the process of FT cycles, the
cohesion gradually decreased but eventually became stable
and the internal friction angle fluctuated slightly.

5) According to the Konder model, the elastic modulus
before FT cycles was selected as the normalized factor
to derive the empirical stress-strain formula without FT
cycles. Then, by means of the elastic modulus differences,
the relationship between the deviator stress differences
and axial strain was normalized. Based on this, the
empirical constitutive equation was deduced, which can
concurrently describe the strain hardening, stabilization,
and softening behaviors considering the effect of FT
cycles.
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