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The present study takes the ratio of the matric suction to the net vertical stress and the ratio of the matric suction to the net mean
stress as new unsaturated stress levels f and F, respectively. Based on the laboratory tests and theoretical derivation, the modiﬁed
one-dimensional Mesri creep model and three-dimensional creep model were established, which takes the unsaturated stress level
into account. Then, the one-dimensional and three-dimensional creep characteristics of the unsaturated viscous subsoil of an
airport under diﬀerent unsaturated stress levels were analyzed. The following conclusions could be drawn: (1) under diﬀerent
stress levels, the one-dimensional creep deformation of unsaturated soil has a power function relationship with time, and the
change rate exponentially decreases with the stress level, which can be well-expressed by the proposed modiﬁed onedimensional Mesri creep model; (2) under diﬀerent stress levels, the three-dimensional creep strain of the unsaturated soil
shows a hyperbolic curve with time and a near-linear relationship at the semilogarithmic coordinate, which can be wellexpressed by the proposed modiﬁed three-dimensional creep model; (3) under diﬀerent stress levels, both the one-dimensional
creep and three-dimensional creep of the unsaturated soil can be divided into two stages, which are the accelerated creep stage
and stable creep stage.

1. Introduction
The “three-surface and one-body” control theory in civil
aviation geotechnical design puts forward high requirements
for the postconstruction settlement of the subsoil of the
“basal surface,” “free surface,” “interface surface,” and “ﬁlling
body.” Among these, the postconstruction settlement of an
airﬁeld runway may not exceed 20~30 cm (2013) [1]. Such
requirement is likely to grow as air travel becomes more common. The postconstruction settlement of subsoil is mainly
correlated to the creep characteristics of soil. The saturated
soil theory is relatively mature. Hence, it is widely used in
the ﬁeld of engineering. However, due to moisture evaporation and engineering ﬁlling, a large amount of airport subsoil
is in the unsaturated state. Thus, the unsaturated soil theory
is more applicable for the study of creep characteristics of
airport subsoil and is more in line with speciﬁc conditions

in engineering. Furthermore, this can more accurately help
with the design, construction, and operation of airport
engineering.
In the unsaturated soil theory, the inﬂuence of the matric
suction inside the soil on various engineering properties
should be taken into account, which is the biggest diﬀerence
between the unsaturated soil theory and saturated soil theory.
Present studies tend to control for a single factor. Garcia et al.
carried out numerically analysis to the generation of pore
water pressure and deformations for unsaturated soil [2].
Han and Vanapalli carried out the nonlinear stiﬀnesssuction and shear strength-suction relationships for unsaturated soils within the lower suction range from the nonlinearity of the soil-water characteristic curve [3]. Dorival et al.
developed a solution of liquid-gas-solid coupled equations
with considering the dynamics and hysteretic retention
behavior for unsaturated soil [4]. Li et al. analyzed the
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secondary consolidation characteristics of unsaturated soil
based on the control of gas pressure [5]. Wu et al. developed
an analytical solution to solve 1D deformation and rain water
inﬁltration for unsaturated soil with controlling the matric
suction [6]. By controlling the matric suction, Xiao et al. carried out a study on the deformation characteristics of unsaturated silty clay on the side slope of the reservoir bank in a
hydropower project based on the consolidated drained triaxial compression test [7]. By means of laboratory tests on
matric suction control, Sun et al. analyzed the triaxial creep
deformation characteristics of typical northern red clay in
Lantian, Shaanxi province, China [8].
It can be observed from the microstructure and mechanical mechanism of soil that matric suction is a kind of structural resistance of unsaturated soil and that the increase in
matric suction has a certain “hardening” eﬀect on soil. That
is, this increases the resistance to deformation of soil. Therefore, matric suction can be regarded as a kind of “resistance”
inside the soil, while other additional loads on the soil, such
as vertical stress and mean stress, can be regarded as “external forces.” Obviously, diﬀerent forms of macroengineering
characteristics of soil, such as strength and deformation,
can only arise from the joint work of “internal” and “external” forces, while during the performance of various forms
of engineering characteristics of soil, these “internal” and
“external” forces also experience a dynamic adjustment process of coordination and common change. When a test or
related simulation is conducted, a stress form that can simultaneously reﬂect the “internal” and “external” forces should
be deﬁned [9–16]. Thus, the present study deﬁned a new
stress level for unsaturated soil and introduced such stress
level into the tests and model research, in order to study
the creep characteristics of unsaturated soil in practical
engineering.

ua − uw
s
=
:
 − ua
 − ua
σ
σ

2.1. One-Dimensional Stress Level. In the one-dimensional
creep deformation of unsaturated soil, the soil was subjected
to the combined eﬀect of internal matric suction and external
net vertical stress. The ratio of the matric suction to the net
vertical stress was taken as the one-dimensional unsaturated
stress level f , and f can be expressed as:

 is the net mean stress, and its expression
In the formula, σ

=
σ

σ1 + σ2 + σ3
:
3

In the formula, f is the ratio of the matric suction to the
net vertical stress, ua is the pore gas pressure, uw is the pore
water pressure, σ1 is the net vertical stress, and s is the matric
suction.
2.2. Three-Dimensional Stress Level. In the three-dimensional
creep deformation of unsaturated soil, the soil was subjected
to stresses from three directions. The net mean stress was
used to represent the net external force after pore air pressure
was deducted. The ratio of the matric suction to the net mean
stress was taken as the three-dimensional unsaturated stress
level F, and F can be expressed as:

ð3Þ

In the expression, σ1 , σ2 , and σ3 are the stresses from
three directions to which the unsaturated soil is subjected,
and F is the ratio of the matric suction to the net mean stress.

3. One-Dimensional Creep Characteristics
3.1. Modiﬁed One-Dimensional Mesri Creep Model. In 1968,
Singh-Mitchell proposed using the exponential function to
describe the one-dimensional stress-creep strain relationship
of soil based on the laboratory tests on creep [17]. In 1981,
Mesri et al. used the hyperbolic function to simulate the
one-dimensional stress-creep strain relationship of soil [18].
The Singh-Mitchell model cannot predict the creep deformation at low stress levels, while the Mesri model can accurately
predict the entire strain-hardening process from zero strain
to failure. Furthermore, the model parameters have clear
physical signiﬁcance. Hence, the Mesri model has been
widely used. However, the Mesri model does not take into
account the inﬂuence of the matric suction inside the unsaturated soil on the creep. In the present study, a modiﬁed onedimensional Mesri creep model was established based on the
proposed stress level.
The hyperbolic function of the Mesri model was used for
the description:
ε
a′ + b′ε

:

ð4Þ

In the formula, ε is the one-dimensional creep strain, and
1/a ′ is the initial tangent modulus of one-dimensional creep
deformation, which is represented by Ed :
Ed =

ð1Þ

ð2Þ

is:

σ1 = 
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u − uw
s
f= a
=
:
σ1 − ua σ1 − ua

F=

dσ1
dε

=
ε=0

1
:
a′

ð5Þ

1/b ′ refers to the ultimate net vertical stress:
σult = lim

ε→∞

ε
a′ + b′ε

=

1
:
b′

ð6Þ

Since σult can only be reached when the axial strain is
inﬁnite, while the failure stress used in practical engineering
is usually reached under the ﬁnite strain ε f , in order to make
the one-dimensional stress-strain curve pass through the
failure points ½ε f , σ f , the failure ratio was deﬁned as R f =
σ f /σult , and the following can be obtained by substituting
R f and Ed into Formula (4):
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Table 1: The initial physical property indexes of the undisturbed soil sample.

Soil sample depth/m

Natural density/(g/cm3)

Natural moisture content/%

Liquid limit/%

Plastic limit/%

Plasticity index

1.68

17%

38.9

21.5

17.4

2

Table 2: Test scheme.
Matric
suction s/kPa

Net vertical stress
Matric
Net vertical stress
Matric
Net vertical stress
Matric
Net vertical stress
σ1/kPa
suction s/kPa
σ1/kPa
suction s/kPa
σ1/kPa
suction s/kPa
σ1/kPa
50
100
200
300

50

ε=

σf
σ
:
⋅
Ed σ f − R f σ

0

50
100
200
300

100

ð7Þ

The power function was selected to represent the onedimensional creep-time relationship:
 m
t
ε = ε1
:
t1

ð8Þ

In the formula, t is the time of creep deformation, t 1 is
the reference time, which is usually taken as one minute,
according to engineering experience, ε1 is the strain when
t = t 1 , that is, the initial creep strain, and m is the slope of
the curve lg ε − lg t.
By substituting Formula (8) into Formula (7), the Mesri
creep equation can be obtained:
 
 m
σf
σ1
t

ε=
·
:
Ed 1 σ f ‐ R f σ1 t 1
1

ð9Þ

Formula (9) can also be written, as follows:
   m
σf

ε
t
=
+ η R f 1 ε:
σ1
Ed 1 t 1

ð10Þ

It can be observed from Formula (1) that f is inversely
proportional to σ1 . By substituting Formula (1) into Formula
(10) and making a simpliﬁcation, the following can be
obtained:
fε=ς

   m
σf

t
+ η R f 1 ε:
Ed 1 t 1

ð11Þ

In the formula, ς and η are the coeﬃcients.
3.2. Test Veriﬁcation. It can be observed from Formulae (8)
and (11) that for diﬀerent types of unsaturated soil, there
are diﬀerences in parameter m. In order to verify the relationship between the unsaturated stress level and the creep strain
of a speciﬁc kind of soil, the parameter m of the soil must be
initially obtained. The present study carried out a onedimensional creep laboratory test, in which the matric suc-

50
100
200
300

200

50
100
200
300

tion was controlled, and the net vertical stress was increased
step by step for the viscous subsoil of an airport. The soil is
taken from the viscous subgrade soil in Hefei area, and the
study of such subgrade soil is of great theoretical signiﬁcance
for the engineering construction in eastern China.
The basic physical property indexes of the undisturbed
soil sample are shown in Table 1. The undisturbed soil
sample was made into 16 ring cutter samples, with a diameter
of 61.8 mm and a height of 20 mm. The test instrument was
the unsaturated soil consolidation instrument of Logistics
Engineering College. Four kinds of matric suction were
considered for the test: 0, 50, 100, and 200 kPa. The matric
suction of 0 kPa was set for the contrast test of saturated soil.
At the same time, four kinds of net vertical stresses were
considered: 50, 100, 200, and 300 kPa. The speciﬁc test
scheme is shown in Table 2.
Figure 1 shows the creep deformation amount-time correlation curve of the airport subsoil under diﬀerent matric
suctions. It can be observed that the laws of change in creep
deformation amount over time under diﬀerent conditions
of matric suction are similar, which can be roughly divided
into two stages: ① 0-1,500 minutes is the rapid deformation
stage where the creep deformation amount rapidly grows as
time increases; ② 1,500-15,000 minutes is the stable deformation stage where the creep deformation amount becomes
gradually stable as time increases. Under the same conditions
of net vertical stress, the creep deformation amount decreases
as the matric suction grows, and the maximum creep deformation amount occurs at 0 kPa (saturated soil). This phenomenon again indicates that the matric suction has a
certain hardening eﬀect on the subsoil. Under the same conditions of matric suction, the creep deformation amount
grows as the net vertical stress increases.
According to the deformation amount, the onedimensional creep strain ε of each sample can be obtained,
and the double logarithmic relation curve of the onedimensional creep strain ε and the time t can be obtained.
The curve lg ε − lg t when σ1 = 50 kPa is shown in Figure 2.
It can be observed from the ﬁgure that the curve lg ε − lg t
shows a good linear relationship under diﬀerent conditions
of matric suction. This indicates that the time function of
the one-dimensional creep strain of the unsaturated airport
subsoil in the present study can be expressed with the power
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Figure 1: The deformation amount curve for the unsaturated soil samples with diﬀerent matric suctions over time.

function. The relationship between the soil m and the matric
suction s in the present study is as follows:
m = ∂ 1 ⋅ s∂ 2 :

ð12Þ

In the formula, ∂1 and ∂2 are the corresponding ﬁtting
parameters.
Figure 3 presents the relation curve between m and the
matric suction s when σ1 = 50 kPa. It can be observed that
Formula (12) can accurately express the relation of the soil
in the present study.
By substituting Formula (12) into Formula (11), the onedimensional Mesri creep model can be obtained, taking into
account the matric suction for the unsaturated airport
viscous subsoil in the present study:

fε=ς

   ∂1 ⋅s∂2
σf

t
+ η R f 1 ε:
Ed 1 t 1

ð13Þ

By applying Formula (12) to the one-dimensional creeptime characteristics when p = 100 kPa, as shown in Figure 4,
it can be observed that the model ﬁts well with the test values.
This indicates that Formula (12) can be applied for the
analysis of the creep characteristics of the unsaturated subsoil
in the test section.

4. Three-Dimensional Creep Characteristics
In order to analyze the three-dimensional creep characteristics of the airport subsoil at diﬀerent stress levels, the stress
level-three-dimensional creep-time characteristics were ﬁrst
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Figure 2: The curve lg ε − lg t of diﬀerent matric suctions when p = 50 kPa.
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Figure 3: The relation curve of m and the matric suction s when p = 50 kPa.

analyzed based on laboratory tests. According to the test
results, a three-dimensional creep model that took into
account the unsaturated stress level was established for the
test soil samples.
4.1.
Stress
Level-Three-Dimensional
Creep-Time
Characteristics. Triaxial creep tests were carried out under
four stress levels. In such tests, the matric suction of soil

was controlled by controlling the pore air pressure that
was applied to the soil. In the test, the net mean stress
was set at 200 kPa, and the matric suctions were set at 0,
50, 100, and 200 kPa. Hence, the stress levels for F were
0, 0.25, 0.5, and 1, respectively. The basic physical properties of the test soil samples were the same as those in the
experiment in the previous section, as shown in Table 1.
The undisturbed soil sample was made into four triaxial
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Figure 4: The curve ε − t of diﬀerent matric suctions when p = 100 kPa.
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Figure 5: Time-varying curve of the creep strain of unsaturated soil samples under diﬀerent stress levels.

samples, with a diameter of 39.1 mm and a height of
80 mm. At the same time, the four samples were tested with
a net conﬁning pressure of 100 kPa for the later model veriﬁcation. According to the test results, the relationship
between time and the three-dimensional creep strain of soil
under diﬀerent stress levels F can be obtained, as shown in
Figure 5.
It can be observed from Figure 5 that the threedimensional creep strain-time curve of unsaturated subsoil

under diﬀerent stress levels shows obvious nonlinear characteristics, and the strain-time relationship is similar to the
hyperbolic function. Under isochronous conditions, the
three-dimensional creep strain of the subsoil tends to
decrease as F increases. The maximum creep strain of the
subsoil occurs when F = 0 (at this point, s = 0 kPa, that is,
the saturation state). The semilogarithmic coordinate of the
time-varying creep strain shows a good linear variation
relationship, as shown in Figure 6.
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Figure 6: ε − lg t curve under diﬀerent F.
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Figure 7: kslope ~ F relation curve.

It can be observed from Figure 6 that the curves ε − lg t
under diﬀerent F values were basically composed of two
straight lines that represent the diﬀerent creep deformation
stages of the soil:
(1) The ﬁrst straight line represents the accelerated creep
stage, and the rate of change tends to slightly decrease
as the value of F increases. The relationship between
the rate of change and the value of F is shown in
Figure 7. It can be observed from Figure 7 that there

is a good exponential function relationship between
the rate of change kslope and the value of F:



F
+ a3 :
kslope = a1 ⋅ exp −
a2

ð14Þ

In the formula, a1 , a2 , and a3 are the ﬁtting parameters.
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Figure 8: εstable ~ F relation curve.
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Figure 9: t boundary ~ F relation curve.

(2) The second straight line represents the stable creep
stage. Under the condition of diﬀerent F values, the
creep deformation starts to reach stability. As the F
value grows, the stability value εstable decreases. When
the saturation state is reached (that is, F = 0), the
maximum stability value occurs. The relationship
between the stability value and F is shown in
Figure 8. There is also a good exponential function
relationship between the stability value and F:



F
εstable = b1 ⋅ exp −
+ b3 :
b2

ð15Þ

In the formula, b1 , b2 , and b3 are the ﬁtting parameters.
It can be observed in Figure 6 that the inﬂection points
(that is, the time nodes of creep deformation) of the two
straight lines in the curve ε − lg t under diﬀerent F values
were slightly diﬀerent. Figure 9 shows the relationship
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between the time node of creep deformation and the value of
F. It can be observed from Figure 5 that as the value of F
increased, the time node of creep deformation t boundary
tended to increase. A roughly linear relationship exists
between the time node of creep deformation and the value
of F, and the relationship can be described by the following
formula.

t boundary = c1 ⋅ F + c3 :

ð16Þ

In the formula, c1 and c2 are the ﬁtting parameters.
In fact, the increase in matric suction inside the soil
would strengthen the resistance of the soil to external forces.
Under the same conditions, when the soil was subjected to
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Figure 12: Continued.
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Figure 12: Model validation (net mean pressure = 100 kPa).

constant stress, the deformation adjustment of the soil structure would become slower, and the time required for deformation stability would increase. Thus, as the value of F
grows, t boundary would increase. In practical railway foundation engineering, t boundary represents the time when the subsoil can reach the ﬁnal deformation stability, which has
important engineering reference value for determining the
railway track-laying time and operation time in the later
stage.
4.2. The Three-Dimensional Creep Model with the Stress Level
Taken into Account
4.2.1. Modeling. The test data was taken as an example for
analysis when the net conﬁning pressure was at 200 kPa.
Figure 10 presents the stress-strain isochronal curve of the
triaxial creep test of unsaturated viscous subsoil. It can be
observed from the ﬁgure that the stress level-strain isochronous curve shows a good power function relationship. In
combination with the test results in Figures 2, 10, and 11,
the exponential function relationship was selected to describe
the three-dimensional stress-creep strain relationship, and
the hyperbolic function relationship was selected to describe
the three-dimensional creep strain-time relationship, allowing a three-dimensional empirical creep model that takes into
account the stress level to be established.
The expression of the three-dimensional creep model
that takes into account the stress level is suggested, as follows:
ε = Λ1 F

Λ3





t
t
1+
/ 1 + Λ2
:
t1
t1

ð17Þ

In the formula, t is the duration of creep process
(minutes), t 1 is the unit time (usuallyt 1 = 1 min), and Λ1 ,
Λ2 , and Λ3 are the model parameters.

When t = 0, ε0 = Λ1 F Λ3 . When t = ∞, ε∞ = Λ1 /Λ2 F Λ3 =
ε0 /Λ2 . In Formula (17), three parameters need to be determined, that is, Λ1 , Λ2 , and Λ3 . Since Λ2 = ε0 /ε∞ , the corresponding values of Λ2 under diﬀerent F can be calculated
based on the test data. Through calculation, it is found that
Λ2 ﬂuctuates around a ﬁxed value. Hence, Λ2 can be represented by its mean value, that is, Λ2 =0.2485. The relationship
curve ln ε0 ~ ln F is drawn based on the test data, as shown in
Figure 11. It can be observed from the ﬁgure that Λ3 and ln
Λ1 are the slope and intercept of the ﬁtting straight line,
respectively, and that Λ3 = 1:3809 and ln Λ1 = −1:5248, that
is, Λ1 = 0:2177. Thus, the creep model established is as follows:

ε = 0:2177F

1:3809



t
t
1+
/ 1 + 0:2485
:
t1
t1

ð18Þ

4.2.2. Model Veriﬁcation. Formula (18) was used to ﬁt the test
data with a net mean stress of 100 kPa. The ﬁtting results are
shown in Figure 12. It can be observed from the ﬁgure that
the creep model value in the present is very close to the test
value, which indicates that the creep model established in
the present study can be used to analyze the law of straintime change in the viscous subsoil of the test section under
diﬀerent stress levels.

5. Conclusions
In the present study, a new stress level of unsaturated soil was
deﬁned, and one-dimensional and three-dimensional laboratory tests and creep model studies were carried out for the
actual airport viscous subsoil. The following conclusions are
drawn:
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(1) The ratio of the matric suction to the net vertical
stress was proposed as the new unsaturated stress
level f . Based on laboratory tests, it was found that
the time function of one-dimensional creep strain
shows a power function relationship and that the rate
at which the creep strain changes over time exponentially decreases as the matric suction increases.
Hence, the modiﬁed one-dimensional Mesri creep
model is well applicable to the soil in the present
study

Yue Ma, and Zaobao Liu contributed to the project ﬁnancial
acquisition.

(2) The ratio of the matric suction to the net mean stress
was proposed as a new stress level. The power function was used to describe the relationship between
three-dimensional stress and creep strain. Furthermore, the hyperbolic function was used to describe
the relationship between three-dimensional creep
strain and time. Hence, a three-dimensional creep
analysis model that takes into account the stress level
F for unsaturated soil was obtained
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