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Abstract

The creep behaviors of expansive soils play an important role in landslide prediction and long-term stability analysis. In this paper, 

triaxial drained compression creep tests of expansive soils were conducted on the improved stress-controlled triaxial apparatus. The 

test results show that only transient deformation and attenuation creep occur with low deviator stress, and the increment of axial 

strain increases exponentially with deviator stress increasing; while deviator stress reaches a certain value, attenuation creep, steady 

creep and accelerated creep all occur in a creep curve. Meanwhile, the volumetric strain presents the shear shrinkage characteristic 

at the initial stage of loading, and the shear shrinkage is small. With the extension of loading time, the volumetric strain gradually 

varies from shear contraction to dilatancy. When entering the accelerated creep stage, the development rate of volumetric strain 

increases sharply. Besides, isochronous stress-strain curves of expansive soils indicate that their creep process possesses nonlinear 

characteristics, and the nonlinear degree is related to creep time and stress level. Imitating the empirical formula of cyclic cumulative 

deformation of clay, a new nonlinear creep model is presented, which may well describe the creep property of expansive soils. 

Furthermore, critical failure stress could be obtained based on the proposed creep model. The ratio of the critical failure stress to 

conventional shear failure stress ranges from 70% to 80%, with average of 75.56%, therefore, critical failure stress may be estimated 

by conventional triaxial tests with the margin of error 5.5% within.
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1 Introduction
Expansive soils are widely distributed in more than 40 
countries from six continents and are encountered in 
more than 20 provinces and cities in China with an area 
of 100,000 km2. The slide often occurs on the expansive 
soil slope, which is generally characterized by time-de-
pendent properties as chronicity and gradualness [1]. The 
long-term mechanical behavior of its slope stability may 
closely relate to creep, so that it is necessary to study the 
creep property of expansive soils.

Researches on the creep properties of soil mainly cover 
creep tests and creep constitutive models. In the aspect 
of soil creep tests, the researches have been conducted 
on a variety of soils, including coarse-grained soil  [2], 
loess [3–5], calcareous sand [6, 7], marine soil [8], frozen 
soil [9–12]. Abundant literatures about creep characteristics 

of soft soil [13–17] have been reported due to its obvious 
creep characteristics with high moisture content and high 
compressibility. Whereas, as a kind of cohesive soil, lit-
tle attention has been paid on the creep characteristics of 
expansive soils, and the studies concerned mainly based 
on consolidation creep tests  [18] and direct shear creep 
tests [19], rarely on triaxial creep tests. Ning et al. [20] con-
ducted triaxial undrained creep tests on the expansive soil 
of Nanning, China, to study its nonlinear creep characteris-
tics. However, they used remolded soil samples that could 
not reflect the influence of nature structure. 

Researches on soil creep model are abundant. The mac-
roscopic creep models mainly include empirical model, 
general rheological theoretical model and viscoelastoplas-
tic model. The empirical model is easy to be accepted and 
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used by engineering designers for it is intuitive and simple, 
so it has always been a research topic of rheology in engi-
neering. However, the universality of empirical models 
is generally poor. Singh-Mitchell Fuction  [21] and Mesri 
Fuction [22] are widely used empirical models that based 
on exponential function and hyperbolic function, respec-
tively. Li  et  al.  [23] found that the modified Mesri creep 
function could only be used to describe the creep behav-
ior of clay when the deviator stress was less than the fail-
ure deviator stress, so they developed cubic polynomial to 
describe the creep behavior when the deviator stress was 
equal to the failure deviator stress. Zhou et al.  [5] estab-
lished two empirical models to describe the creep charac-
teristics of loess, but both of them had limitations in their 
application scope. It can be seen that the previous empirical 
model is not universal. Therefore, it is necessary to further 
establish a more versatile empirical model for engineering.

In this paper, triaxial drainage creep tests were con-
ducted on typical expansive soils selected in Nanyang 
Basin, Henan province, China, to study the evolution law 
of axial deformation and volumetric strain with loading 
time under constant pressure. On the basis of creep test 
results, a nonlinear creep model with good universality 
was established to describe the creep characteristics of 
expansive soils under triaxial stress.

2 Test scheme 
2.1 Properties of test soils
The test soils were taken from an expansive soil slope 
with about 4.0 m in height at the Nei-Deng expressway in 
Nanyang Basin, Henan province, China, by the method of 
pit exploration. The test soils are in hard plastic-hard state 
with reddish-brown color. The test results of basic physical 
property measurement and the X-ray diffraction analysis 
of the expansive soil are shown in Tables  1–3. From the 
results above, it can be seen that the samples have high liq-
uid and plastic limits, 44.8% of clay particle content and 
62% of free swell ratio. The studied soils are mainly com-
posed of montmorillonite and chlorite with small amount of 
illite and kaolinte, whereas the non-clay minerals include 
quartz and feldspar. Moreover, the samples have a similar 
swelling to the medium swelling grade expansive soil.

Fig. 1 shows the compression curve of the expansive 
soil. Base on the compression curve, the Cassagrande 
method was adopted to determine the preconsolidation 
pressure of the expansive soil sample. Its preconsolidation 
pressure pc was around 160 kPa, while its current overbur-
den pressure was about 80 kPa. Therefore, the expansive 
soil was overconsolidated.

2.2 Test equipment 
The test equipment is modified based on the strain-con-
trolled triaxial apparatus SJ-1AJ. As shown in Fig. 2, the 
loading systems of confining pressure and back pressure, 
and monitoring systems of pore water pressure and vol-
ume change remain unchanged, while the axial loading 
system is changed from the strain-controlled type to the 
stress-controlled one applied by the weight. Monitoring 
systems were installed in front of the volume variable tube 
and dial indicator, respectively, to realize the continuity of 
collected data.

2.3 Test methods
Due to the long duration of triaxial creep test and the lim-
ited number of expansive soil samples, in order to avoid 
the inaccuracy of the test results caused by the discrete-
ness and non-uniformity of the expansive soil samples, the 
triaxial creep test was carried out by grading loading.

The undisturbed expansive soil samples with 50 mm in 
diameter and 100 mm in height were used for test. The first 
step of the test was to determine the failure deviator stress 

Table 1 Physical property indexes of the expansive soil

ω/% γ/kN·m–3 Gs Sr% δef/% ωP/% Ip/%

24.7 19.8 2.71 95.3 62 26.2 29.2
Note: ω - Water Content; γ - Unit weight; Gs - Specific gravity; Sr - 
Saturation; δef - Free swell ratio; ωP - Plastic limit; Ip - Plasticity index.

Table 2 Grain size distribution  of the expansive soil

Grain composition/%

>0.05 mm 0.05~0.005 mm <5.0 μm <2.0 μm <1.0 μm

5.5 49.7 44.8 31.4 27.0

Table 3 Mineral compositions of the expansive soil

Quartz/
%

Feldspar/
%

Clay mineral /%

Montmorillonite Chlorite Illite Kaolinte

40 8 16 18 8 10

Fig. 1 Compression curve of the expansive soil
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(qf = (σ1–σ3)f) of the saturated soil specimens under differ-
ent confining pressures. The qf was determined by consol-
idated-drained triaxial shear (CD) test with a shearing rate 
of 0.0066 mm/min. The second step was the triaxial creep 
test. The axial pressure at each level increased by a cer-
tain value until the deformation of the specimen under 
this pressure was stable (the axial displacement increment 
was less than 0.005 mm/d), and then the next level of axial 
pressure was applied until the specimen failed. For all the 
samples, the consolidation pressures (the net confining 
pressures σ3) were 50, 100, 200 and 300  kPa and shear 
strain up to 20%. Laboratory temperature was maintained 
at 23 ± 1 °C by air-conditioner during test. 

The detailed triaxial creep test steps are as follows: 
(1)  Firstly, the specimens were saturated by vacuum 
extraction. After placing and sealing the specimen inside 
the triaxial chamber and taking measurements of diame-
ter and height, the soil specimens were saturated from the 
top until a value of B (the pore-water parameter) was 0.95 
(±0.02). (2)  After completing the saturation process, the 
soil specimens were consolidated under a predetermined 
confining pressure, and pore water was allowed to drain 
out. The intervals of elapsed time and the corresponding 

volume change and pore water pressure were recorded. 
The consolidation process was allowed to continue until 
the pore water pressure dissipated by more than  95%. 
(3)  At the end of the consolidation, the axial load was 
increased to a specific value, and then grading loading was 
carried out until the specimen was destroyed. The loading 
diagram of the expansive soil sample is shown in Table 4, 
where deviator stress q multiplied by cross-sectional area 
of the sample is the weight. The increment of the applied 
deviator stress was about 1/5–1/7 of qf and if the axial 
deformation increment increased more dramatically under 
the pressure of this stage, the pressure increment applied 
by the next stage would be reduced. Besides, in order to 
compare the deformation development law with the same 
increment axial stress under different consolidation pres-
sures, the pressure increment was 20 kPa or 40 kPa except 
for the last pressure level.

3 Results and discussion
3.1 The relationship between axial strain and loading 
time

In order to study the problem conveniently, it is assumed 
that the creep properties of expansive soils conform to the 
Boltzmann linear superposition principle [24], that is, the 
creep deformation of expansive soils can be obtained by 
summation of the deformation caused by the increment of 
the loads at all levels. The test data was processed using the 
Boltzmann superposition principle to obtain separate load-
ing curves of expansive soils under different consolidation 
pressures. Fig. 3 is the separate loading creep curves of 
expansive soil samples under different consolidation pres-
sures, and in the red box at upper right of consolidation 
pressures equal to 50, 100, 200 kPa enlarges creep curves 
under lower deviator stress to show the pattern more 
clearly. Unfortunately, the apparatus was malfunctioned 
before the test of consolidation pressure equal to 300 kPa 
was completed, and meanwhile, the same batch of samples 
had been used up, so that we failed to obtain the predeter-
mined test data of deviator stress equal to 280 kPa. Fig. 4 
shows the relationship between the increment of axial 
strain and deviator stress. 

Fig. 2 Stress-controlled triaxial apparatus (1) Axial displacement 
monitoring system, (2) Axial displacement dial indicator, (3) Triaxial 

chamber, (4) Axial loading system, (5) Volume variable tube, (6) 
Monitoring system of volume change, (7) Loading system of confining 
pressure, (8) Loading system of back pressure, (9) Monitoring system of 

pore-water pressure

Table 4 The scheme of triaxial creep test

qf/kPa σ3/kPa q/kPa

129.2 50 20→40→60→80→100→110

183.5 100 40→80→120→140

265.0 200 40→80→120→160→200

352.8 300 40→80→120→160→200→240→280
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It can be seen from Fig. 3 and Fig. 4: 
(1) During the grading incremental loading process, the 

expansive soil has small transient deformation under lower 
deviator stress levels. This is because the expansive soil is 
overconsolidated. With the loading time developing, the 

deformation tends to a stable value. When the consolida-
tion pressure is the same, the lower the deviator stress level 
is, the shorter the time is needed to reach stable deforma-
tion, and the smaller the axial strain increment ∆εd is. For 
example, under consolidation pressure of 50 kPa, ∆εd are 
0.14%, 0.29%, 0.42%, 0.92% and 2.43%, respectively, at 
deviator stresses of 20, 40, 60, 80 and 100 kPa. Only decay 
creep occurs under lower deviator stress levels. Compared 
with the consolidated creep of expansive soil [18], the 
creep deformation under triaxial loading is considerable. 

(2) With the increment of deviator stress, the defor-
mation stable value of soil increases gradually, and ∆εd 
increases under each deviator stress level. ∆εd increases 
exponentially with increasing deviator stress, which 
shows that the expansive soil possesses nonlinear charac-
teristics to some extent.

(3) Consolidation pressure has a great influence on creep 
behavior of expansive soils. The higher the consolidation 
pressure is, the larger the deviator stress level is needed 
for creep failure. When the consolidation pressures are 50, 

Fig. 3 Relationship between axial strain and loading time

Fig. 4 Relationship between the increment of axial strain and 
deviator stress
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100, 200 kPa, the deviator stress levels required for creep 
failure of the expansive soil are 110, 140, and 200  kPa, 
respectively (as shown in Fig.  2  (a)~(c)). It can be seen 
from Fig. 3 that under the same deviator stress, the greater 
the consolidation pressure is, the smaller the increment of 
axial strain is. For example, when the deviator stress is 
40 kPa, the corresponding ∆εd are 0.29%, 0.19%, 0.20% 
and 0.16% under the consolidation pressures of 50, 100, 
200 and 300 kPa, respectively. When the deviator stress 
is 80 kPa, the corresponding ∆εd are 0.92%, 0.58%, 0.40% 
and 0.36% under the consolidation pressures of 50, 100, 
200 and 300 kPa, respectively.

(4) As the stress level increases to a certain level, the 
expansive soil gradually enters the accelerated creep pro-
cess. It can be seen from Fig. 2 (a)~(c), the accelerated creep 
stage of the expansive soil is short. Under consolidation 
pressure of 50, 100, 200 kPa, soil specimens are destroyed 
at deviator stress of 110, 140, and 200 kPa, respectively, and 

it lasts 160, 600, and 450 min respectively from the occur-
rence of accelerated creep to the strain value of around 
20%. It can be seen from Fig. 2(a) that when the consol-
idation pressure is 50 kPa, the soil enters from the decay 
creep stage to the accelerated creep stage with the deviator 
stress increased by only 10 kPa (from 100 kPa to 110 kPa). 
Meanwhile, the deformation of the soil is relatively slow 
before destroyed, while the deformation increases sharply 
at about 2000 min, which shows brittle failure characteris-
tics. Compared with the whole creep process, the acceler-
ated creep duration is very short, accounting for about 15% 
of the stress level acting duration on average.

3.2 The relationship between volumetric strain and 
loading time
Fig. 5 shows the curves of relationship between volu-
metric strain and loading time during the triaxial creep 
tests, and positive value represents the volume shrinkage. 

Fig. 5 Relationship between volumetric strain and loading time
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It can be seen, in general, at the early stage of loading, 
it shows volume shrinkage with a small value. With the 
increase of loading time, the volumetric strain gradually 
develops from shear shrinkage to dilatancy, and the lat-
ter is predominated during the creep process. When enter-
ing the accelerated creep, the developing rate of volumet-
ric strain increases sharply. That is because after loading 
for a period of time, the soil keeps absorbing water from 
the outside so that the volume expands. In general, shear 
shrinkage occurs during shearing for normally consol-
idated clays, while for overconsolidated clays, they are 
generally compressed first during the shear process and 
then exhibit dilatancy. Zhen et al. [25] analyzed the local-
ization of deformation of an overconsolidated clay speci-
men by using finite element method. The numerical results 
showed that, different stress paths were seen inside and 
outside the shear band. The elements in the vicinities of 
the shear band took on volume shrinkage, dilatancy, and 
shrinkage due to being sucked, while the elements inside 
the shear band kept dilatant during shearing.

According to the global volumetric strain change law 
of the expansive soil, when the deviator stress level is low, 
the strain is small, and obvious shear zone has not been 
formed. The volumetric strain change is similar to the 
element outside the shear band, which goes through the 
process of volume shrinkage and dilatancy. While devia-
tor stress level is high, the strain gradually increases, and 
soil shear band develops and gradually coalesces. For the 
big dilatancy quantity and strong water absorption of ele-
ment inside the shear band, the migration rate of mois-
ture from the outside of shear band to the inside of that 
keeps increasing, and the soil outside the shear band keeps 
absorbing water from the outside, which is reflected in the 
global dilatancy rate increasing.

3.3 Isochronous stress-strain curves
The isochronous stress - strain curves of expansive soils 
can be obtained based on the creep test data, as shown in 
Fig. 6. It can be seen that, with the creep time passing, the 
isochronous stress - strain curves are gradually bending 

Fig. 6 Isochronous stress-strain curves of expansive soils
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from the deviator stress axis to strain axis, and the lon-
ger the creep time is, the more significant the isochronous 
curve deviates from the straight line. Besides, at a certain 
moment, the bending degree of the isochronous stress-
strain curve is also related to the deviator stress level, and 
the higher the deviator stress level is, the greater the degree 
of curves bends toward the strain axis. Therefore, we can 
conclude that the expansive soil has nonlinear creep char-
acteristics, and the nonlinear degree is concerned to the 
creep duration and deviator stress level. The linear range 
decreases with the creep time and stress level increasing, 
and the degree of nonlinearity increases accordingly.

4 Nonlinear empirical creep model of expansive soils
4.1 Establishment of nonlinear creep model
The empirical functions commonly used to describe non-
linear creep characteristics of soils include power func-
tion, hyperbolic function, logarithmic function, exponen-
tial function and polynomial function. The mostly widely 
used empirical models are Singh-Mitchell model [21] and 
Mesri model [22]. However, Singh-Mitchell model may 
not well describe the stress-strain curves in the range of 
all deviator stress levels, while Mesri model can describe 
the creep behavior of soils under arbitrary loading level, 
but the effect is not ideal. 

Zang [26] proposed an empirical formula to describe 
the cyclic accumulated deformation of clay under cyclic 
load, based on the cyclic accumulated deformation law of 
clay, that is 

ε λ δ= − +
+

( )N
m

m

bN
cN

1
1

,	 (1)

where ε is the accumulative deformation; N is the cycle 
times; λ, b, c, m and δ are parameters related to stress con-
ditions and soil properties. When δ > 1, this equation can 
describe the accelerating strain, while 0  <  δ  <  1, it can 
describe the stable strain.

As shown in Fig. 7, it is difficult to describe the whole 
creep curve with only exponential function and hyper-
bolic function, while Eq.  (1) can well describe the creep 
characteristics of soils at various stages by superposition 
of exponential function and hyperbolic function.

The soil deformation develops with cyclic cycles increas-
ing under dynamic cyclic load, which is essentially the 
same to soil creep test that the soil deformation develops 
with time under static load. In Eq. (1), when N = 0, ε is zero. 
However, according to the creep curve (Fig. 3), transient 
deformation of expansive soils occurs at the moment when 

load is applied. In other words, when t = 0, ε is not zero, but 
a constant. Therefore, by referring to Eq. (1) and improv-
ing it, the nonlinear empirical creep model is obtained as 
shown in Eq. (2). When t = 0, εd = A. Thus A > 0 which 
indicates that the soil deformation occurs at the moment 
the load is applied.

ε ηd = +
+

A Bt
Ct

t
M

M1
,	 (2)

where εd is the axial strain; t is the creep duration under a 
certain load level; A, B, C, M and η are parameters related 
to stress conditions and soil properties. When η > 1, this 
equation can describe the accelerated creep process; while 
0 < η < 1, it can describe the stable creep process.

4.2 Suitability analysis of the nonlinear creep model
Curve-fitting method is a widely used method to deter-
mine the parameters of rheological model of rock and 
soil. Based on the results of triaxial creep test of expan-
sive soils and the basic principle of least square method, 
this paper adopts curve-fitting method to fit the test data. 
Fig. 8 shows the comparison of creep test curves and fit-
ting curves under different deviator stress levels under 
consolidation pressures of 50, 100, 200 and 300 kPa. It can 
be seen that the fitting curves of the nonlinear creep model 
are in good agreement with the test points. The correlation 
coefficients of most fitting curves are above 0.97, which 
indicates that the model can describe the creep character-
istics of expansive soils well and has certain applicability.

5 Identification of critical failure stress based on 
nonlinear empirical creep model
The curve fitting results show that when the consolida-
tion pressure is a constant, the parameter η that represents 

Fig. 7 Curve fitting to creep test data by different functions 
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the nonlinear effect increases with the increase of devia-
tor stress. As mentioned above, in the nonlinear empirical 
creep model, η > 1 reflects the accelerated creep process 
that the soil deformation develops rapidly and the failure 
occurs, while 0 < η < 1 reflects the stable creep process 
that the strain tends to be stable with time. Therefore, 
the stress corresponding to the deformation of the soil 
between the stable state and the failure state is the critical 
failure stress, where η = 1.

Fig. 9 shows the relationship between parameter η and 
deviator stress in the nonlinear empirical creep model. 
It can be seen that the parameter η has a good linear rela-
tionship with the applied deviator stress level under the 
same consolidation pressure. At lower consolidation pres-
sures of 50 and 100 kPa, the curves almost coincide; as the 
consolidation pressure increases, the curves are closer to 
the axis of deviator stress, and the curves are almost par-
allel. Through the linear relationship between parameter 
η and deviator stress, the stress corresponding to η = 1 is 

the critical failure stress. Table 5 gives the critical fail-
ure stress of the expansive soils under different consoli-
dation pressures, as well as the corresponding shear fail-
ure stress under conventional triaxial test and the ratio 
between them. It can be seen that the ratio of the critical 

Fig. 8 Test data and fitting curves of creep test

Fig. 9 Relationship between parameter η and deviator stress
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failure stress to conventional shear failure stress ranges 
from 70% to 80%, with average of 75.56%. Therefore, the 
critical failure stress of expansive soils can be estimated 
by the qf value of that obtained from conventional triaxial 
shear tests, i.e., 75.56% of qf can be used to estimate the 
critical failure stress with an error of 5.5%.

6 Conclusions
In the present study the evolution law of axial strain and 
volumetric strain with loading time under constant pres-
sure was studied on the modified stress-controlled triax-
ial apparatus, and a nonlinear empirical creep model with 
good universality was established to describe the creep 
characteristics of expansive soils under triaxial stress. 
Creep tests under 4 consolidation pressures were carried 
out to study the creep characteristics of expansive soils, 
and the time period for each of the creep test varied from 
a minimum of around 15 days to a maximum of around 
42 days. The following conclusions are made based on the 
observed results: 

(1) The creep tests of expansive soils show that under 
lower deviator stress, only instantaneous deformation and 
decay creep occur, and the axial strain increment increases 
exponentially with the increase of the deviator stress level. 
While deviator stress reaches a certain value, attenuation 
creep, steady creep and accelerated creep all occur in a 
creep curve.

(2) The isochronous stress - strain curves show that the 
expansive soil has nonlinear creep characteristics, and 

the nonlinear degree is related to the creep duration and 
stress level. The linear range decreases with the creep time 
and stress level increasing, and the degree of nonlinearity 
increases accordingly.

(3) At the initial stage of loading, the volumetric strain 
exhibits shear shrinkage with a small value. With the 
extension of loading time, the volumetric strain gradually 
varies from shear shrinkage to dilatancy. When entering 
the accelerated creep stage, the developing rate of volu-
metric strain increases sharply. That is, the soil outside the 
shear band keeps absorbing water from the outside after 
loading for some time.

(4) A nonlinear creep model is proposed based on the 
empirical formula of cyclic accumulation deformation of 
clay. The fitting curves of the nonlinear creep model are 
in good agreement with the test data, which shows that the 
model can describe the creep characteristics of expansive 
soils well.

(5) The critical failure stress of expansive soils can be 
obtained according to the nonlinear creep model, and the 
critical failure stress is about 75.56% of the shear failure 
stress. Therefore, the critical failure stress of creep can be 
estimated according to the triaxial shear test.

The above conclusions are arrived based on expansive 
soils selected in Nanyang Basin, Henan province, China. 
Therefore, these conclusions need verification through 
other expansive soils for better understanding. In addition, 
further studies are needed to ascertain the creep perfor-
mance of expansive soils under different stress paths. 
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Table 5 Critical failure stress 

σ3/kPa qf/kPa critical failure stress σs/kPa σs/qf

50 129.2 100.5 0.7779

100 183.5 131.6 0.7172

200 265.0 196.5 0.7415

300 352.8 277.2 0.7857
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