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Abstract: A modified plastic Burgers model considering cohesion decay is proposed for frozen soils.
A series of triaxial compression and creep tests were conducted on a kind of frozen silty clay for
obtaining the model parameters. According to typical triaxial creep strain curves with only a decaying
creep stage, a deformation parameter calibration method for a plastic Burgers model is proposed,
and the validity of the method was further verified. When the original plastic Burgers model was
incorporated with a cohesion decay function, it was shown that the successive development process
of frozen soil creep strain from the decaying to non-decaying stage could be described reasonably. The
modified model is applicable to frozen ground engineering cases with non-decaying creep involved.

Keywords: frozen soils; creep model; parameter calibration method; non-decaying creep

1. Introduction

Creep is one of the main sources contributing to infrastructure deformation in frozen
ground engineering [1]. Due to global climate warming and thermal disturbance of engi-
neering activities, considerable creep of warm permafrost layers can often be observed,
such as the uneven settlement of embankments and bending of oil pipes in permafrost re-
gions [2,3]. In underground space excavation engineering, considerable creep deformation
of the artificial freezing curtain usually develops due to a high stress level or miss-control
of the freezing curtain temperature [4-6]. The creep law of frozen soils is much more com-
plex than unfrozen soils for inclusions of ice and unfrozen water [5,6], and thus, a precise
description of creep deformation development is essential for the operational stability of
infrastructures in frozen soil engineering.

To estimate the influence of creep on the stability of frozen soil infrastructures and
investigate frozen soils’ creep law, abundant and systematic experimental works have
been conducted in the past decades [7-10]. According to these experimental works, some
fundamental and consistent conclusions can be drawn. It was indicated that both decaying
and non-decaying creep can be observed, and the evolution of non-decaying creep is
dependent on the relationship between the frozen soil’s long-term strength and current
stress level [6,11]. The magnitude of the creep strain and strain rate are proportional to
the temperature, stress level and pore ice content [12-14]. Based on the basic creep law
of frozen soils, many research works have focused on the creep models of frozen soils.
Empirical models were used in the earlier trials to describe frozen soils’ creep process. For
the development of creep strain with only a decay process, simple power functions between
the creep strain and stress level and time are constructed to describe the creep strain’s
developing process with time [15]; when a non-decaying creep process is involved, the long-
term strength, minimum strain rate and failure time of frozen soils are taken into account
to simulate the creep strain rate changes from an initial decrease to an essential constant
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and then sharp increase [16,17]. The empirical model works facilitate the understanding
on the creep behavior of frozen soils, while the limitation of empirical data fitting reduces
their applicability in universal stress states.

For creep problems under complex stress conditions, theoretical creep models of
frozen soils are proposed, with the aid of a conventional soil mechanics framework. Up
to now, the available frozen soil theoretical creep models can be generally categorized as
microscopic thermodynamic models, viscose—elastic—plastic models, hyperplastic models,
hypoplastic models and mechanical elements models [18-23]. Among them, mechanical
elements models have been intensively developed due to their simple model structure and
easy of use in engineering applications. In the framework of the frozen soil element creep
models, three basic mechanical elements, i.e., the Hookean spring, Newtonian dashpot
and Saint-Venant'’s slider, are composed of certain forms to simulate different creep strain
development tendencies, by considering the mechanical characteristics of frozen soils [24].
Based on CT scanning digital images of frozen silty samples, Yang et al. [25] defined a
damage variable and modified Nishihara’s model to simulate the random distribution of
inner flaws in the creep process. Considering the non-linear influence of confining stress
on the shear strength of frozen soil, Wang et al. [26] incorporated a parabolic yield function
into a Bingham body composed of a Kelvin and Maxwell body in series to simulate the
decay process of a frozen silty clay. To describe the creep strain as being further reasonably
involved with the non-decaying process, functional multipliers based on a microscopic
point of view were defined and incorporated into the elementary creep models. According
to the phenomenon that cementation between frozen soil particles becomes weakened with
an increase in temperature, stress and time, a breakage ratio was defined and embedded
into a Burgers model [27]. It was shown that the non-decaying creep process of a frozen
silty clay can be reasonably described when the long-term strength is lower than the current
stress level. Based on fractional calculus theory, fractional derivative multipliers were
embedded into the Nishihara model to describe the non-decaying creep development due
to microscopic damage accumulation under constant overloading [23,28].

From the above elaboration, it is indicated that with different composing forms of
mechanical elements and taking the mechanical property degradation of frozen soils into
account, the frozen soil creep process under different conditions can be well described.
However, among the previous elementary model works, few have been able to provide a
clear calibration method for obtaining the elementary model parameters. Most of the model
parameters were determined by the so-called ‘trial and error method’ [25,27], which reduces
the models’ reliability to some extent. Moreover, it has been proven that the involvement
of the non-decaying creep process is due to the continuous degradation of the frozen soil
strength under constant stress conditions [6,22]. When the strength approaches and gets
lower than the current stress state, the creep strain increases sharply, and the non-decaying
creep process happens [22]. Although the influence of strength degradation has been
implicitly considered in the non-decaying creep elementary models by embedding different
forms of function multipliers, deducing the elementary model form is more complicated,
and consequently, the engineering usability of the models is reduced considerably. To
further improve the reliability of the elementary models and create a relatively simple
model structure, it would be better to try to create a parameter calibration method with a
clear physical meaning and directly incorporate the strength degradation function into the
plastic part of the elementary model.

In this paper, a series of triaxial creep tests of a frozen silty clay were conducted under
different stress levels and temperatures. A parameter calibration method with a clear
physical meaning is proposed according to the analysis of the tested results and the plastic
Burgers model structure. From the test results of applied stress level and creep failure time,
a strength decay function was determined and directly incorporated into the plastic Burgers
model to create an elementary model with a concise structure and enable the description of
both the decaying and non-decaying creep of frozen soils.
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2. Modified Plastic Burgers Model

In the plastic Burgers model [29], total strain is decomposed into three components,
i.e., Maxwell (sff), Kelvin (85) and plastic (SZ.) strains, as shown with Formula (1).

_ M | K, P
gij = € T & +‘C'ij (1)

In Formula (1), the Maxwell strain (Formula (2)) is used to describe the instantaneous
strain and stable creep stage with a constant strain rate on the typical frozen soil creep curve
(Figure 1); the Kelvin strain (Formula (3)) is used for describing the creep strain decrease
process; and the plastic strain (Formula (4)) is employed when plastic flow is involved.
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Figure 1. Typical creep curve of the frozen soils [1].

In the above equations, Gy and Gk are the elastic shear modulus for the Maxwell and
Kelvin strains, respectively; Hy; and Hy are the viscosity coefficients of the Maxwell and
Kelvin strains, respectively; and g is the plastic potential function. It is expressed as

g=01—03(1+siny)(1 —siny) (6)

where 01, 07 and o3 are the minimum, intermediate and maximum principal stresses,
respectively; i is the dilation angle; A is equal to zero when the material is under an elastic
stress state; and when material plastic flow is taking place, A is a non-zero parameter,
which is determined by the application of the plastic yield condition f = 0 [29]. Here, the
Mohr—Coulomb yield criteria are employed, and the plastic yield function f is expressed as

f=mn —0'3N¢+2C\/N4; (7)

where Ny = (1 + sing)/(1 — sing), ¢ is the internal friction angle and C is the cohesion.
With Formulas (1) to (7), the framework of the plastic Burgers model is introduced

in brief. Generally, according to the previous creep model-evaluating works [30], the

conventional plastic theory-based creep models are capable of describing a decaying or
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non-decaying creep process separately. However, such creep models cannot capture the
developing process from the decaying to non-decaying creep stages, as shown in Figure 1.
This is due to the fixed plastic yield envelope being employed in the conventional plastic
models, where the shear strength parameters are constant for a certain kind of soil. For
frozen soil, it has been proven by a large amount of experimental work that the cohesion
is decaying with time under constant overloading, while the internal friction angle is
independent of time [1,22]. Subsequently, the plastic yield envelope moves downward with
time in the principal stress coordinates (Figure 2). For an initial stress point lower than the
plastic yield envelope, the material is under the elastic stress state, and only the decaying
creep process happens; then, with ongoing time, the plastic yield envelope approaches the
stress point, gets lower than it (Figure 2), plastic flow gets involved, the plastic strain rate
increases sharply and the non-decaying creep process begins (Figure 1). This implies that
when the decay of the shear strength parameter of frozen soil is embedded into the plastic
Burgers model, the successive developing process from the decaying to non-decaying creep
stages can be reasonably described.

A

Maximum principal stress (o,)

Stress point

v

Minimum principal stress (o,)
Figure 2. Relative position between a given stress point and the moving plastic yield envelope.

According to the experimental work on frozen soils, the decay of cohesion under
triaxial compression test conditions can be expressed by the following power function [22]:

_1—sin¢

C=———+-(mt"—
2cos ¢ (m 73

1+sing

1-— sin¢>) ®)

where 0733 is the confining stress and usually taken as a constant; ¢ is the internal friction
angle, as shown in Formula (7); and mt" is the decaying function, which shows the decaying
law of axial strength under constant confining stress. The decay function parameters m and
n are determined through a series of creep test results under constant confining stress. When
Formula (8) is substituted into Formula (7), the plastic yield envelope is time-dependent,
and the plastic Burgers model is modified for describing the successive development from
the decaying to non-decaying creep stages. In the following, a series of triaxial creep tests
under different temperatures will be conducted to propose a parameter calibration method,
and the validity of the modified model will be further verified.

3. Sample Preparation and Test Procedures

In this work, a kind of silty clay was taken as the study object. A grain size distribution
curve of the silty clay is shown in Figure 3. The liquid and plastic limits of the soil were
35.0% and 22.0%, respectively. All the tested samples were remolded and saturated. The
samples’ dry density was controlled at 1.76 g/cm3, and the initial pore water content of
all the samples was at about 18.0%. After the samples were saturated, they were quickly
frozen together in a refrigerator with a rigid mold for guaranteeing homogeneity of the soil
skeleton and pore ice distribution.
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Figure 3. Grain size distribution of the tested silty clay.

Both the triaxial compression and creep tests were conducted under temperatures
of —5.0, —10.0 and —15.0 °C. For the triaxial compression tests at each temperature, an
axial strain rate of 1.0%/min and confining stresses of 1.0, 2.0 and 4.0 MPa were applied
to each individual sample; for the triaxial creep test at different temperatures, eight levels
of constant axial stress were applied on each individual sample at the confining stress
of 0.1 MPa. The applied axial stresses under different temperatures are listed in Table 1.
According to the triaxial compression test results, the strength envelopes of the tested soil
at different temperatures are shown in Figure 4. The triaxial creep test results were used for
the calibration of the plastic Burgers model deformation parameters, such as Gy, Gk, Hum
and Hy, and for obtaining a cohesion decay function.

Table 1. The applied axial stresses of the triaxial creep tests.

Temperature/°C Axial Stress/MPa
—5.0 1.13 1.23 1.35 1.42 1.45 1.52 1.67 1.95
—10.0 1.99 2.20 2.28 2.44 2.58 3.00 3.47 3.97
—-15.0 2.69 2.85 3.00 3.10 3.40 3.79 4.19 5.08
4
s — -s0°C
=
&
54
23
s
< -
3
a2k
" 1 " 1 M >
0 2 4

[sotropic stress (MPa)
Figure 4. Strength envelopes of the tested soil at different temperatures.
4. Parameter Calibration Method
4.1. Plastic Burgers Model Deformation Parameters

As expressed in Formula (1), the sum of the Maxwell, Kelvin and plastic Burgers
model strains enables the description of the decaying creep process. Correspondingly, the
deformation parameters (Gy, Gk, Hv and Hk) can be determined on the typical creep
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curve during the decaying stage. The tested creep curve under a temperature of —5.0 °C
and with an axial stress of 1.52 MPa was used to demonstrate the determination of each
deformation parameter (Figure 5).

'y
25 F Decaying stage JI\Jon-dccaying stage
20 F |
o
X
< 15}
k= Kelvin part
=
=
A 10} |
e, |
|
&, | .

t, 100 1, 200 300 400
Time (min)

Figure 5. Creep curve of the tested silty clay under a temperature of —5.0 °C and with an axial stress
of 1.52 MPa.

According to Formula (1), the creep strain without the plastic part is expressed as

ij Jij ij &
g = ZGJM + 2H]Mt+ Z—G’k[l —exp(—ﬁkt)] )

When time t = 0, Formula (9) becomes
(Y ij
= 3G

(10)
where ¢ is the instantaneous strain after overloading is applied, and the Maxwell elastic
shear modulus Gy is calculated with Formula (10) as

o
G J

= e (11)
As for the Kelvin strain, its development tendency is dependent upon the law of an
exponential function (Formula (9)). Theoretically, when the time t approaches infinity, the
exponential function part of the Kelvin strain will approach zero. For a practical creep
curve, as shown in Figure 5, when the time is larger than a time point t;, the exponentially
functioning part of the Kelvin strain will decrease to be about zero. Here, t; is the intersec-
tion time of the creep strain rate’s non-linearly decreasing section and the straight section
with an essentially constant creep strain rate. And thus, the creep strain (g4 ) after time #;
can be expressed as
€y = Ty Ty (12)
2Gpy  2Hpm  2Gy
Formula (12) is the expression of the straight section on the creep curve, and the
intersection &4 (Figure 5) between the straight section extension line and the strain axis is

en =4 7 (13)
172Gy | 2G,
With Formula (13), the Kelvin elastic shear modulus Gy is calculated as
0;iG
_ ijYM (1 4)

= ———————
211Gy — Uij
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In the second term on the right side of Formula (12), the j/2Hy is the slope of the
straight section (Figure 5). Apparently, the Maxwell viscosity coefficient Hy; is calculated as

o
N ZASZ‘]‘

Hy At (15)

where Ag;j; is the incremental strain after a time step At. After Gy, Gk and Hy are deter-
mined with Formulas (11), (14) and (15), respectively, the Kelvin viscosity coefficient Hx
can be calculated with a strain value on the creep strain curve between ¢y and t; (Figure 5).
According to Formula (9), the Kelvin viscosity coefficient Hk is calculated as

_ Gyt
In2Gy (o + 5t — )

im0y

Hy = (16)

According to Formulas (11), (14)—(16), the plastic Burgers model deformation parame-
ters were determined with the test results and are listed in Table 2.

Table 2. (a) Deformation parameters under —5.0 °C. (b) Deformation parameters under —10.0 °C.
(c) Deformation parameters under —15.0 °C.

(a)
Axial Stress/MPa Gy /Pa Gwm/Pa Hy/Pa-s H,/Pa-s
1.13 1.25 x 10° 2.89 x 10° 3.18 x 1010 9.99 x 108
1.23 9.90 x 10* 1.94 x 10° 5.75 x 1010 8.83 x 108
1.35 9.85 x 104 2.20 x 10° 2.16 x 1010 5.70 x 108
1.42 9.31 x 10* 243 x 10° 3.51 x 107 1.34 x 108
1.45 8.26 x 10 3.08 x 10° 2.65 x 10° 1.34 x 108
1.52 9.42 x 104 6.93 x 10° 2.20 x 10° 1.94 x 108
1.67 1.08 x 10° 1.88 x 10° 5.30 x 108 1.00 x 108
1.95 1.19 x 10° 6.80 x 100 1.07 x 108 450 x 108
(b)
Axial Stress/MPa Gy /Pa Gpm/Pa Hy/Pa-s Hy/Pa-s
1.19 3.01 x 10° 479 x 10° 2.65 x 1010 9.95 x 108
2.20 1.85 x 10° 3.25 x 10° 3.08 x 1010 1.19 x 10°
228 1.99 x 10° 3.62 x 10° 1.59 x 1010 5.50 x 108
244 1.88 x 10° 5.53 x 10° 2.85 x 107 1.51 x 108
2.58 2.73 x 10° 3.48 x 10° 2.64 x 107 1.81 x 108
3.00 2.08 x 10° 1.96 x 10° 3.55 x 108 1.66 x 107
3.47 3.18 x 10° 2.47 x 107 1.35 x 108 1.91 x 107
3.97 2.75 x 10° 1.00 x 10° 3.13 x 107 2.99 x 107
(c)
Axial Stress/MPa Gy /Pa Gm/Pa Hy/Pa-s H,/Pa-s
2.69 3.00 x 10° 6.31 x 10° 4.11 x 1010 9.81 x 108
2.85 2.80 x 10° 4.16 x 10° 3.25 x 1010 8.86 x 108
3.00 251 x 10° 3.80 x 10° 2.88 x 1010 9.86 x 108
3.10 240 x 10° 5.20 x 10° 1.19 x 1010 3.87 x 108
3.40 2.60 x 10° 7.95 x 10° 494 x 10° 3.17 x 108
3.79 2.68 x 10° 1.28 x 100 1.16 x 10° 4.87 x 107
4.19 2.53 x 10° 3.30 x 10° 3.85 x 108 2.02 x 107
5.08 3.35 x 10° 3.69 x 107 5.65 x 107 7.51 x 100

4.2. Shear Strength Parameters

The internal friction angle ¢ and dilation angle i were obtained with the triaxial
compression test result. As elaborated in the conventional soil mechanical community,
the internal friction angle is determined by the slope of the plastic yield envelope in the
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deviatoric vs. isotropic stress coordinates, and the dilation angel is calculated using the
slope of the volumetric dilatancy section vs. shear strain curve. The measured internal
friction angle and dilation angle under different temperatures are listed in Table 3. As
it can be seen, the values of the internal friction angle under different temperatures are
much lower than those of the unfrozen soils. This is due to the inclusions of pore ice,
which considerably reduce the friction force between soil particles, and a lower value of
the internal friction angle can be observed [1,5].

Table 3. Measured internal friction angle and dilation angle under different temperatures.

Temperature/°C Internal Friction Angle/° Dilation Angle/°
-5.0 2.40 4.70
—-10.0 4.70 7.50
—15.0 8.20 12.30

The physical meaning of cohesion is the intersection of the plastic yield envelope on the
deviatoric stress axis. For frozen soil, due to the accumulation of microstructural damage
and increase in unfrozen water under the influence of constant overloading, the cohesion
continuously decreases with time [22,25], and this process can generally be expressed by
Formula (8) under triaxial compression conditions. In Formula (8), the decay function mt"
can be obtained from the law of the axial strength decrease under constant confining stress.
For convenience of elaboration, a series of creep strain rate vs. time curves (Figure 6) under
—5.0 °C obtained from the triaxial creep test are demonstrated to show the determination of
the decay function mt". It can be seen in Figure 6 that there exists a minimum strain rate on
each curve under relatively higher axis stress, and the corresponding time ¢; is defined as
the creep failure time under the constant axial stress value of o71(t;). Here, o11(ti) is actually
the axial strength corresponding to the failure time ¢;. With data fitting of several axial
stress and failure time points, the axial strength decay function (Formula (17)) parameters
were determined. For the tested soil in this paper, the measured parameters m and n are
listed in Table 4.

o = mt" (17)
A ~
1x107%}
/-\1 . 1074-
)
— =
| S 1.52MPa
— . % l
L1107 \\ N o)
E L\'\A\J hS 2MP:
g N
=110 R
B 1 23MPa
)
12107 I\|3'|\1|’£|
1x10°® L " L L M >
0.01 0.1 1 10 100 t, 1000

Time (min)

Figure 6. Changes in the strain rate vs. time under temperature of —5.0 °C.
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Table 4. Measured strength decay function parameters under different temperatures.

Temperature/°C m/MPa-s—1 n/—
—5.0 243 —0.0919
—-10.0 4.23 —0.0907
—15.0 5.92 —0.0946

5. Model Verification and Analysis

To demonstrate the validity of the plastic Burgers model deformation parameter
calibration method at first, the creep strain of the tested results and calculated results
without a plastic part (Formula (9)) under different temperatures are shown in Figure 7.
It can be seen from the tested results that the onset time of the non-decaying creep stage,
i.e., the time on the creep curve that the slope of the creep strain vs. time changes from
essentially constant to quickly increasing, is inversely proportional to the stress level. This
is due to the decay of the compression strength (Formula (17) and Figure 6). When the
current applied stress is higher than the compression strength, plastic flow happens, and
the creep strain rate increases sharply (Figures 6 and 7a). This is the so-called non-decaying
creep process. Obviously, a higher applied stress corresponds to a shorter time with the
onset of the non-decaying creep process. When the current applied stress is lower than the
compression strength, the creep strain curve shows the development process with only a
creep strain rate decrease at first which then becomes essentially constant (Figures 6 and 7a).
This is the so-called decaying creep process. In other words, for these curves with relatively
lower stress levels in Figure 7, the observation time is not long enough for the compression
strength to decrease lower than the current applied stress, and subsequently, only the
decaying creep process can be observed.

25 hi
| 95MPa

20
=
\\
<5l =T =
k=
= _
= —
At~ === 1.13MPa
5 Tested results
----- Calculated results
0 \ \ R s r
0 1000 2000 3000 4000 5000 6000
Time (min)

(a)

Figure 7. Cont.



Appl. Sci. 2024, 14, 2092

10 of 13

13 47MPa -

2.20MPa

1.99MPa

Tested results

sy === Calculated results
0 : R A : : r
0 1000 2000 3000 4000 5000 6000
Time (min)
(b)
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3.79MPa

20 F

2.69MPa
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I ' I
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0 1000 2000 3000 4000 5000 6000

Figure 7. Tested creep strains and calculated results without a non-decaying creep stage at tempera-

tures of (a) —5.0 °C; (b) —10.0 °C; and (¢) —15.0 °C.

By comparing the tested and calculated results in Figure 7, it can be seen that Formula (9)
generally has a good predictive performance when the non-decaying creep stage is not
involved. It can be seen in Figure 7 that the calculated results of the initial instantaneous
strain, creep strain rate decrease section and essentially constant creep strain rate section
generally have good agreement with the tested results under different stress levels. This in-
dicates that the plastic Burgers model deformation parameter calibration method proposed
in Section 4.1 is valid under different axial stress levels and temperatures. The deformation
parameter calibration method can be further applied in practical engineering calculations.
Figure 8 is the comparison of the tested results and calculated results taking the plastic
strain into account (Formula (1)). As can be seen in Figure 8, when the cohesion decay
function (Formula (8)) was incorporated into the plastic Burgers model, the continuous
development process from the decaying to non-decaying creep stage could be reasonably
described under different temperatures and axial stress levels. This indicates that the
modification of the plastic Burgers model with the cohesion decay function is valid for

describing the creep process when non-decay is involved.
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Figure 8. Tested creep strains and calculated results with cohesion decay taken into account at
temperatures of (a) —5.0 °C; (b) —10.0 °C; and (c) —15.0 °C.
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From the above analysis, it can be concluded that the frozen soil creep process with
only a decaying creep stage can be well described by the plastic Burgers model with the
proposed deformation parameter calibration method; when the non-decaying creep stage is
involved, the cohesion decay function must be incorporated into the plastic Burgers model
to describe the whole creep process reasonably. Furthermore, one aspect that should be
kept in mind is that the Mohr-Coulomb yield criteria are employed in the proposed model.
This implies that the modified model is applicable in situations of lower stress levels. When
the confining stress is larger than 10 MPa, the strength envelope of the frozen soils is in the
form of a kind of downward curve [1,11]. That is to say, the slope of the strength envelope is
confining stress-dependent, and the Mohr—Coulomb yield criteria with a constant strength
envelope slope are not applicable.

6. Conclusions

Based on the experimental and theoretical works of this paper, conclusions could be
drawn as the following:

(1) A calibration method for obtaining the plastic Burgers model deformation parameters
(Gm, Gk, Hm and Hy) is proposed with the typical creep curve during the decaying
stage. The Maxwell elastic shear modulus Gy is calculated by the instantaneous strain
under an applied overloading; the Maxwell viscosity coefficient Hy is dependent
on the slope of the straight section on the creep strain curve; the Kelvin elastic shear
modulus Gk can be determined according to the intersection between the straight
section extension line and the strain axis; and the Kelvin viscosity coefficient Hx can
be calculated with the strain and time of a point on the creep strain rate’s non-linearly
decreasing section of the creep strain curve.

(2) Through a comparative analysis of the triaxial creep test results and the calculated
results without plastic strain, the creep strain of the tested frozen silty clay could
be well described during the decaying creep stage. It is indicated that the proposed
plastic Burgers deformation parameters calibration method is valid.

(3) After incorporation with the cohesion decay function into the plastic Burgers model,
the continuous development of creep strain from the decaying to non-decaying stage
can be reasonably described. This indicates that the modified plastic Burgers model
can be used to predict the creep strain development when the non-decaying creep
stage is involved. Due to the Mohr-Coulomb yield criteria with a constant strength
envelope slope being employed, the modified model is however limited to situations
of low confining stress levels.
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