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Abstract

To investigate the creep characteristics of soft clay under true triaxial stress conditions, multistage loading creep tests using TSW-
40 true triaxial apparatus were performed. The creep deformation characteristics, creep rate, and long-term strength of soft clay
under a true triaxial stress path were studied. The results showed that the creep deformation and creep rate of soft clay increase
with increasing major principal stress; the axial deformation is larger than the lateral deformation. The long-term strength and the
equation for predicting the starting point of accelerated creep were obtained using the generalized shear stress. A four-element
fractional-order creep (FFC) model based on the fractional Burgers creep model was established for soft clay and then extended
to three dimensions. The model calculation results based on the parameters obtained using MATLAB’s Curve Fitting Toolbox
were in good agreement with the experimental results. The comparison results showed that the 3D FFC model was more accurate
at describing the entire creep curve of soft clay than the fractional Burgers model and the Burgers model, particularly regarding
the accelerated creep characteristics. In conclusion, the results presented herein are expected to provide the scientific basis for
determining soft clay creep instability under true triaxial stress conditions.
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Introduction

Soft clay presents unique rheological properties that can easily
cause foundation instability, landslides, or other geotechnical
problems. Therefore, research on the creep characteristics of
soft soil is very important to ensure the safety of the engineer-
ing. However, most previous geomaterial research is based on
conventional triaxial stress conditions, whereas the majority
of soils in practical engineering applications experience com-
plex triaxial stress conditions; thus, their mechanical

Responsible Editor: Zeynal Abiddin Erguler

P4 Liu Jiashun
liujiashun000@ 163.com

College of Civil Engineering, Liaoning Technical University,
Fuxin 123000, China

State Key Laboratory for Geomechanics and Deep Underground
Engineering, China University of Mining & Technology,
Xuzhou 221116, China

School of Mechanics and Engineering, Liaoning Technical
University, Fuxin 123000, China

characteristics and failure behaviors differ significantly from
those in the 1D or 3D stress states (Isakhanov 2000; Liu and
Shao 2018). So far, many true triaxial tests were performed to
investigate the influence of intermediate principal stress on the
stress—strain and strength behavior of clays and sands (Shao
and Luo 2011; Shi etal. 2011). An empirical equation of g(b),
a shape function of the failure surface on 7t-plane, was pre-
sented and verified based on the true triaxial test results (Shi
et al. 2010). A 3D anisotropic failure criterion is proposed to
describe the strength of cross-anisotropic sands under true
triaxial conditions, and the influence of the anisotropic param-
eter on the failure curve on the deviatoric plane and the rela-
tionship between the peak friction angle and the intermediate
principal stress ratio are obtained. The coupled fluid-discrete
element method is used to simulate the undrained response of
initially anisotropic particulate assemblies under true triaxial
condition (Salimi and Lashkari 2020). Many studies also have
shown that the intermediate principal stress coefficient has a
significant effect on the strength and deformation of geotech-
nical materials (Lv et al. 2011; Shi et al. 2015; Kumruzzaman
and Yin 2010); the strength criterion for coarse-grained soil
has previously been established according to this coefficient.
Moreover, research has shown that complex stress states affect
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the anisotropic deformation and shear strength characteristics
of marine soft clay (Hajime et al. 2002; Morsy et al. 1995;
Wang et al. 2016; Xu et al. 2017).

The appropriate creep constitutive model can accurately
and quantitatively describe the effects of creep, strain rate,
and stress relaxation on the deformation and strength charac-
teristics of soft clay and also can predict the development of
soft soil deformation in the engineering project. Therefore, an
accurate rheological model is significant important (Gupta
1978; Hao et al. 2019; Kuhn and Mitchell 1992; Zhan et al.
1993). Researchers have put forward many kinds of rheolog-
ical constitutive models for soft clay, which mainly include
empirical models, component models, and viscoelastic plastic
mechanical models (Morsy et al. 1995; Nadimi and Shahriar
2014; Yin et al. 2002; Zhao et al. 2004). The component
combination models, which are based on profound theoretical
basis, have strictly mechanical processes and present parame-
ters with clear physical meanings. Thus, component combina-
tion models have been widely used for the investigation of the
rheological properties of geomaterials. However, there are still
some defects in the integral order element combination model
in describing the unsteady creep characteristics of soft soil,
such as the lack of describing ability, etc., and the existing
element combination model needs to be improved.

Fractional calculus theory, which can analyze different ar-
bitrary orders, effectively describes the rheological properties
of geomaterials and the evolution of the system structural
features (Xu and Jiang 2017; Zheng and Wen 2013; Zhou
et al. 2011). The fractional-order Maxwell model, fractional-
order Burgers model, elasto-viscoplastic damage creep model,
and variable order fractional constitutive model are all exam-
ples of models based on the fractional calculus theory
(Hanyga 2007; Mainardi 2010; Wu et al. 2014; Zhou et al.
2011). The fractional-order creep model has been used to de-
scribe the rheological properties of mudstone, frozen soil, and
fractured rock (Chen et al. 2015; Li et al. 2013) and has been
proposed for describing the creep behavior of coral sands (Sun
and Cheng 2018). Therefore, the fractional element model has
great potential in describing the rheological properties of soft
soil. Therefore, the long-term strength, creep deformation, and
creep constitutive model of soft clay under true triaxial stress
conditions are important for the stability of soft clay engineer-
ing. However, the creep properties of soft clay under true 3D
stress path had not yet been researched well.

Above all, the multistage loading creep tests of soft clay
under a true 3D stress path are performed using the TW-40
apparatus in this paper. Then, the creep deformation

characteristics, instantaneous deformation, and creep rate
changes of soft clay are tested under different generalized
shear stresses. A four-element fractional-order creep model
(FFC model) for soft clay is established based on the frac-
tional Burgers model, and then extended to the 3D state.
Finally, the sensitivity of the parameters and the accuracy
of the model are analyzed. The research results can be wide-
ly employed for engineering practices, especially for the
creep behavior of soft clay under true triaxial stress
conditions.

True triaxial creep tests of soft clay
Soil samples

The soil samples used in this experiment were taken from
Fuxin Station on the Beijing to Shenyang Passenger
Railway Line. The soil samples were obtained by digging to
approximately 1.5 m depth after removing corrosive surface
substances. The physical and mechanical parameters of the
collected soft clay were determined and the parameters are
presented in Table 1. Particle size analysis revealed that ap-
proximately 25-35% of the particles presented sizes from
0.075 to 1 mm and approximately 50-60% of particles were
smaller than 0.075 mm. Therefore, the soil was classed as silty
clay.

Test procedure

TSW-40 true triaxial soil test apparatus was used in the exper-
iment. Firstly, the specimen was saturated using the vacuum
saturation method. Then, the specimen was loaded into the
pressure cell and precompacted. The major principal stress
(1), intermediate principal stress (05), and minor principal
stress (03) were applied simultaneously at a loading rate of
0.01 kN/min. Loading was stopped when the three principal
stresses reached 100 kPa and the specimen was isotropically
consolidated. The o, and o, stresses were then applied con-
tinually to 110.5 kPa while maintaining a constant confining
pressure of 100 kPa, at which the consolidation degree
reached 95%. Then, o, was applied to 120.9 kPa while keep-
ing 0, and o3 constant. At this point, the initial intermediate
principal stress coefficient, by = (0, — 03)/(0) — 03), reached
the predetermined value of 0.5. The rheological tests were
then initiated immediately.

Table 1 Physical and mechanical

properties of soft clay Density/g cm >

Moisture contents (w)/%

Plasticity index (/p) Cohesion (c)/kPa Void ratio (e)

1.76 34.8~41.6

11.6~12.8 5.1~15.3 0.78~0.93
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The rheological medium exhibits a memory effect of the
loading history. Thus, the rheological curves of soft clay under
different stress levels can be obtained using the linear adding
principle theory. The major principal stress (o) values were
120.9, 141.8, 162.9, 184.1, 204.6, and 225.8 kPa, respective-
ly, and the corresponding intermediate principal stress coeffi-
cient (b) values were 0.5, 0.25,0.17,0.12, 0.10, and 0.08. The
load of each stage lasted approximately 50 h and the total test
time was approximately 280 h.

Creep test analysis
Strain results

The creep test results are shown in Fig. 3. The major principal
strain (g,) of soft clay is larger than the minor principal strain
(e3) and intermediate principal strain (g,) under true triaxial
stress conditions; the values of €1, €, and €3 when the samples
fail or reach the failure criteria were 3.568%, —0.5742%, and
1.983%, respectively. The axial deformation is larger than the
lateral deformation; 5 is larger than e, because the €3 direc-
tion is a flexible constraint, while the ¢, direction is a semi-
rigid and semiflexible constraint. The failure mode involves
axial compressive deformation and lateral dilatation deforma-
tion (Fig. 1).

The creep test results for soft clay show that no accelerated
creep occurs when oy < 184.1 kPa. In general, creep curves
exhibit deceleration creep and steady creep when o, <
141.8 kPa; this corresponds to a superstable creep state in
which the creep rate approaches 0. However, the creep rate
of the steady creep curve is not 0 and increases at a large
constant rate when o is between 141.8 and 184.1 kPa; this
corresponds to a metastable creep state. Accelerated creep
tends to occur in the late loading stage if oy >184.1 kPa.

Fig. 1 Creep test results for soft 8
clay
6
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&
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0,=141.8 kPa
5 =120.9 kPa

However, the major principal strain (¢;) only reaches
4.625%, which is below the test failure criterion (¢; = 8%).
Therefore, the next stage load is applied, where o, is
225.8 kPa. After loading for approximately 11.35 h, acceler-
ated creep begins to occur in the specimens; creep failure
occurs until approximately 23.35 h of loading. Therefore,
the creep constitutive model of soft clay should consider the
instantaneous deformation, deceleration creep, constant rate
creep (steady creep), and accelerated creep characteristics of
the soil.

Analysis of instantaneous and creep deformation

The instantaneous elastic characteristics of soil are impor-
tant indices of its strength and the creep characteristics of
soil determine its stability. Instantaneous elastic deforma-
tion of soft clay occurs at the start of loading; then creep
deformation occurs when the load becomes constant. The
instantaneous deformation was taken as the values of the
initial deformation, and creep deformation was obtained
by subtracting the total deformation from the instantaneous
deformation. Figure 2 shows the relationship between in-
stantaneous and creep strain and the major principal stress
(01). Creep strain is always larger than the instantaneous
strain, and the ratio of creep strain to instantaneous strain
increases with increasing major principal stress, i.e., €./
is 2.56, 3.21, 3.44,4.37, 5.68, and 12.53 when o is 120.9,
141.8, 162.9, 184.1, 204.6, and 225.8 kPa, respectively.
Similarly, e,./e5¢ Vs. o1 and e3./e3¢ Vs. o exhibit the same
trend, which indicates that creep deformation increases with
increasing loading stress. Thus, creep instability failure
caused by increased loading plays a significant role in soft
clay deformation and should be fully considered in design
and construction applications.

0,=225.8 kPa} ¢

7,=204.6 kPa /
0,~184.1 kPa
5,=162.9 kPa /

Loading time (h)
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Analysis of creep rate

The creep rate can be used to determine the variability of creep
deformation and predict the stability of soil or engineering
structures. Herein, the creep rate curves were obtained by de-
riving the first-order of the creep test result, as shown in Fig. 3.
The strain rate is higher at the moment of loading, which cor-
responds to instantaneous deformation of the specimen. The
creep rate then decreases continuously, which corresponds to
the deceleration creep stage. The duration of deceleration creep
is 9.143, 8.403, 8.024, 7.983, 6.303, and 3.361 h when o, is
120.9, 141.8, 162.9, 184.1, 204.6, and 225.8 kPa, respectively;
thus, deceleration creep decreases with increasing major prin-
cipal stress. This indicates that o significantly affects the dura-
tion of deceleration creep and that the constant creep state of
soft clay should be considered in practical engineering design
and construction. Consequently, this paper considers the dura-
tion and stress conditions of constant creep.

The stage at which the creep rate remains constant is called
the constant creep stage. The constant creep state duration
values for soft clay at the above major principal stresses are
42.857 h, 41.597 h, 41.176 h, 40.336 h, 35.297 h, and
14.706 h, respectively. These values were derived by
extracting the corresponding time points at which accelerated
creep occurred or those at the end of loading and the end of
deceleration creep. In general, lower loads result in longer
constant creep and deceleration creep duration values.

The creep rate of soft clay increases when o is 204.6 kPa
at a loading time of 41.604 h and when o is 225.8 kPa at a
loading time of 18.067 h; accelerated creep of the specimen
occurs at this time. However, the cumulative axial creep
strain of the specimens is 4.14%, which does not meet the
8% failure criterion stipulated in this study when oy is
204.6 kPa and the loading time is 50 h; therefore, the next
load is applied. The axial strain of the specimen reaches

@ Springer
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7.7% when o is 225.8 kPa and the loading time is
23.529 h, indicating creep failure of the specimen and the
end of the test.

Long-term strength

Long-term strength is an important index of the long-term
stability and safety of engineering applications and is used
for analyzing the conditions of accelerated rheological failure.
Traditional methods for determining long-term strength in-
clude the transition rheological method, isochronal curve
method, and steady rheological rate intersection method
(Wang et al. 2018; Metzler and Nonnenmacher 2003; Zhou
etal. 2014). The isochronal curve method involves complicat-
ed data extraction but is based on a clear concept; therefore,
this method is adopted in this paper. The axial strains and
generalized shear stresses (g) at t=15.042, 10.084, 15.126,
20.168, 23.109, 30.252, 40.336, and 50 h were extracted, as
shown in Fig. 4. The generalized shear stress (¢) can be cal-
culated using Eq. (1).

QZ%\/(()']_O'Q)z—F(02_03)2+(0'3_U|)2 = 3.]2 (1)

According to the loading stress path mentioned above, ¢ is
18.1, 37.7, 58.4, 79.4, 99.8, and 120.9 kPa, respectively. The
creep process of soft clay exhibits nonlinear deformation char-
acteristics; larger axial stresses and longer loading times lead
to greater nonlinear characteristics. The isochronal stress—
strain curve of soft clay changes approximately linearly when
q is less than 79.4 kPa. The stress vs. strain isochronal curve
presents a significant inflection point when ¢ is greater than
79.4 kPa; therefore, the long-term strength (o) of soft clay is
79.4 kPa.
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Fig. 3 Strain rate results fora £y, b 842, and ¢ 5.3
Prediction of the accelerated creep initiation time

The evolution equation for the creep damage rate of mate-
rials, proposed by Kachanov (1992), is used to predict the
failure time (#;) of soft clay under loading by integration of
Eq. (2):

1
(TR ?

where o is the stress corresponding to accelerated creep, i.¢.,
the generalized shear stress; and A and v are the material
constants, which can be obtained by fitting experimental
data. The specimen is rapidly damaged after accelerated
creep occurs; therefore, it is thought to be more practical
to predict the time at which accelerated creep begins.
Consequently, the #; calculated according to Eq. (2), which
corresponds to the start of accelerated creep, is 41.60 h and
18.07 h for soft clay when ¢ is 99.8 kPa and 120.9 kPa,

respectively, according to the results of this study. The mod-
el parameters A = 1.27 x 10" and v=4.28 can be obtained
by substituting the above data into Eq. (2). Therefore, the
start time of accelerated creep for soft clay under different
generalized shear stress conditions can be obtained as
follows:

1
tr = : 3
7767056 x 107 Tq428 ®)

Fractional creep model of soft clay
Fractional calculus theory

The fractional calculus theory can describe derivatives or
integrals of any order and thus describes the nonlinear
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Fig. 4 Isochronous stress—strain
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deformation characteristics of materials. The main frac-
tional differential operator includes the Riemann—
Liouville operator and Caputo operator (Hilfer 2000;

05 10 15 20 25 30 35 40

£, (%)

Kilbas and Saigo 1997). The Riemann—Liouville fraction-
al differential operator is adopted herein, which is
expressed as:

(n—1<a < n,t > a). (4)

The Riemann-Liouville fractional integral operator can be
expressed as:

Igf(t):ﬁﬁ(];_(:_;?_z,(a>0,t>a), (5)

where [1{°) is the gamma function; D and 7 are the derivative
and integral, respectively; ¢ is the upper limit of the integral;
and « is the fractional order.

Fractional creep constitutive model

The creep curves of soft clay include instantaneous defor-
mation, deceleration creep, steady creep, and accelerated
creep. Moreover, soft clay presents elastic—viscous and
elastic—viscoplastic characteristics under constant load

Fig. 5 Four-element fractional- Ey
order creep model for soft clay

]

conditions. Therefore, the creep constitutive model of soft
clay should include elastic, viscoelastic, and plastic
elements.

The Burgers model, which can describe the instantaneous
deformation and steady creep, is commonly used in rheolog-
ical constitutive equations of geotechnical materials.
However, this model cannot account for accelerated creep.
Therefore, the Burgers model has been improved by using
the fractional calculus theory (Pu et al. 2018).

However, the fractional-order Burgers model can only de-
scribe the deceleration creep or accelerated creep characteris-
tics of geomaterials. Moreover, it only describes viscous and
clastic elements but cannot describe plastic characteristics.
Therefore, a FFC model is established to characterize the un-
steady creep characteristics of soft clay based on the integer
and fractional Burgers models (Fig. 5).

& &

0y

v
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Hooke’s law is used to characterize the instantaneous elas-
tic deformation of geomaterials, the Abel dashpot connected
to a Hookean body is used to characterize the stress vs. strain
characteristics of geomaterials between ideal elastomers and
ideal fluids, and the element that consists of an Abel dashpot
connected in parallel with a friction plate is used to character-
ize the accelerated creep characteristics of geomaterials.

The viscoplastic strain (g,p) is 0 if o <o, however, if
o >0, We have

d*ﬁzsvp(t) 000

> & ()
Thus,
000 P2
ewp(t) = & TU+5) By >1, (7)

where oy is the stress threshold for accelerated creep, which
is generally taken as the long-term strength (o.,) of the mate-
rial (i.e., o, = 0,.), and (3, is the fractional order of the element
that consists of the Abel dashpot in parallel with the friction
plate for 3, > 1.

Thus, the FFC model is represented by:

00 o) e
e=-204%0 (<l 00 < 0y
Ey aﬂwm>(‘?
oo 0 sl 000 192 ’
E=—+— 00205
Ep & I'(1+05) & I(1+5,)
(B1=1,3, > 1)
(8)

where Ey is the elastic modulus; &; and &, are the viscous
coefficients of the Abel dashpot, which represent deceleration
creep and accelerated creep, respectively; and (3 and (3, rep-
resent the creep rates of geotechnical materials. In Eq. (8), the
first term is time independent and represents instantaneous
elastic deformation, and the second term is time dependent
and represents steady creep, while o< os. However, if
00> 05, the third term represents the accelerated creep process.

Three-dimensional form of the FFC model

The FFC model can describe the creep characteristics of soft
clay under uniaxial or triaxial conditions, but cannot consider
the effect of the intermediate principal stress (0»). Therefore, a
3D model should be developed.

The total strain of the 3D-FFC model can be expressed as:

_ e ve vp
Ej =€y T & T&j, 9)

e ve
where €5 Ejf s

viscoplastic strain tensors, respectively.

and E;-” are the elastic, viscoelastic, and

The constitutive relationship for a 3D elastomer according
to the generalized Hooke’s law is as follows:

S,‘j + Om
3K

e _

i T 26,

(10)

where Gy and K are the shear modulus and bulk modulus of
the Hooke’s body, respectively; oy, is the spherical stress; S;; is
the stress deviatoric tensor; and J;; is the Kronecker delta. The
spherical stress has little effect on the creep properties of soft
clay, whereas the stress deviatoric tensor plays a major role in
creep (Su et al. 2019). Therefore, the effect of the spherical
stress is neglected when calculating the elastic strain tensor,
i.e., Eq. (10) is simplified as follows:

Sii
gl = Y

P26,

(11)

Assuming that the rheological deformation of soft clay is
mainly caused by the stress deviatoric tensor, the 3D visco-
elastic constitutive relationship of the Abel dashpot is:

ol
ve B S 1

GO =3 T ) (12)

where e;;,. is the viscoelastic strain deviatoric tensor.
For the viscoplastic term, it is assumed that the 3, deriva-
tive of deviator strain can be expressed as:
d™ef (1) _ (F) og (13)
dt> &, Ooy’

where F is the yield function and g is the plastic potential
function, which are used for the same correlation flow rule.
It is assumed that the yield function satisfies the following
form:

F=g=+J-0,/V3. (14)
Thus,
d”e (1) _ (VTos/V3Y 8( Jr0s/V3)
e & doy
_ V2Tos _ SiS (15)
36, 36,

Therefore, the viscoplastic strain deviatoric tensor of the
element that consists of the Abel dashpot in parallel with the
friction plate is as follows:

Si—=Sz P
el (t) = ——" :
36 I'(1+5y)
The 3D creep equation of the 3D-FFC model can be then

obtained by combining Egs. (11), (12), and (16), as shown in
Eq. (17):

(16)
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0 SO l‘dl

= I <1 SO < 5%
ERE TR ST V=
0 0 ¥ 0__goo 8, )
o — Sp Sy +Sij Sp_ t” gosge  (17)
722Gy 3¢ (1 + By) 3 I'(1+p,) 77
(3i=1.6,> 1)

where e;; is the strain deviatoric tensor, Sg. is the stress
deviatoric tensor, S is the plasticity strength of soft clay for

which the long-term strength was used, and i, j = 1, 2, 3, where
i=j in the true triaxial test.

Sensitivity analysis for the 3D-FFC model parameters
Sensitivity analysis of parameter &,

Stress conditions with three-stage creep characteristics were
selected to analyze the ability of the 3D-FFC model to de-
scribe the accelerated creep behavior of soft clay, i.e., o =
204.6 kPa, 0, =110.5 kPa, and o5 =100 kPa. The other pa-
rameters were set to S, =66.2 kPa, S7; =52.6 kPa, Gy =
339.8 kPa, 3,=0.3605, 3,=4.322, and &£, =20.3 x

a ,
| —— =100
6F = = (=200
[ e o o .{1:300
S == =400 v
~ I ’y
S
£
g
o
3
5]

0 5 10 15 20 25 30 35 40 45 50

creep strain (%)

0 5 10 15 20 25 30 35 40 45 50
Loading time (h)
Fig. 6 Creep curves for different values of a &£, b &, ¢ 81, and d 3,
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creep strain (%)

10° kPa h*3?2. The axial creep curves for different &, values
are obtained from Eq. (17) and shown in Fig. 6a. The values of
&, are 100, 300, 500, and 700 kPa h%3°® for the aforemen-
tioned stress conditions, respectively.

Figure 6a shows that creep strain decreases with increasing
&1, but the values of &; have no significant effect on the shape
of the creep curves. However, the creep increment decreases
with the same increment values of &;. For example, the creep
strainis 3.616%, 1.585%, 1.179%, and 1.005% corresponding
with & which is 100, 300, 500, and 700 kPa h®**°, respec-
tively. On the other hand, the creep increment is 2.03, 0.41,
and 0.17, which indicates that &, is sensitive to creep defor-
mation for small &; values, while for large &; values, the
change of ¢ has a little effect on creep deformation.

Sensitivity analysis of accelerated creep (&)

The creep curves for different &, values are obtained under the
same stress conditions as in the “Sensitivity analysis of pa-
rameter &, section, while &, is 312.4 kPa h®°*>. The values of
& are 2.03 x 10°, 2.03 x 10°, 2.03 x 107, and 2.03 x

b
—(,=3.25%10°
8= = ¢=325%10° ,
e - (,=3.25%10] '
6} == (=3.25x10° !
e /
£
£
w
j=%
]
5
0 5 10 15 20 25 30 35 40 45 50
Loading time (h)
30 ——58,=25
- = B=45 1
250 - - - f,=6.5 !
r—-—f,=85 !
20 'l
i /
1.5 K
/
1.0 7 =
0.5 —K"
0.0 L | L 1 ' 1 ) 1 L 1 s 1 " 1 L 1 " |

0 5 10 15 20 25 30 35 40 45 50
Loading time (h)



Arab J Geosci (2020) 13: 834

Page90of13 834

10® kPa h*3?, respectively. The axial creep curves for differ-
ent &, values are shown in Fig. 6b.

Figure 6b shows that creep deformation decreases with
increasing &. However, &, has a significant effect on the shape
of'the creep curves; the accelerated creep is greater and occurs
earlier when the values of &, are small.

Sensitivity analysis of parameter 8,

The creep curves for different 3 values are obtained under the
same stress conditions as in the “Sensitivity analysis of pa-
rameter &;” section. When &; is 312.4 kPa h?', the values of 51
are 0.036, 0.136, 0.336, and 0.536, respectively. The axial
creep curves for different (3 values are shown in Fig. 6c¢.

Figure 6¢ shows that (3 has a significant effect on the shape
of the creep curves. The steady-state creep duration decreases
with increasing [3; and accelerated creep occurs earlier. The
creep curve does not reach a steady state at 3; values higher
than 0.536.

Sensitivity analysis of parameter 3,

The creep curves for different /3, values are obtained under the
same stress conditions as in the “Sensitivity analysis of pa-
rameter &;” section. When &; is 312.4 kPa h”", the values of 3,
are 2.32, 4.32, 6.32, and 8.32, respectively. The axial creep
curves for different (3, values are shown in Fig. 6d.

Figure 6d shows that 3, also has a significant effect on the
shape of the creep curves. As observed for (3, the steady-state
creep duration decreases with increasing (3, and accelerated
creep occurs earlier. The model’s ability to describe acceler-
ated creep decreases when /3, is less than 4.32; thus, larger 3,
values can describe the accelerated creep of geomaterials more
accurately.

Parameter identification and model
verification

Parameter identification

Equation (17) contains five parameters: Gy, 31, &1, 35, and &;.
E| can be obtained by the ratio of stress to instantaneous
strain, and &; and &,, which represent the viscous coefficients
of the Abel dashpot for deceleration creep and accelerated
creep, respectively, can be measured experimentally.
However, there is no clear consensus on the best method for
determining the viscous coefficients of geotechnical materials.
Therefore, the experimental data fitting method is used herein
to obtain the values of &; and &,. Similarly, 3, and (3, are also
obtained by experimental data fitting.

The creep model parameters of soft clay (31, &, 5, and &)
are obtained from the test results under different stress paths,

which are derived by inversion of the rheological formula
compiled by MATLAB’s Curve Fitting Toolbox and the
Levenberg—Marquardt algorithm (Table 2).

The model parameters change in a regular manner with
changing the generalized shear stress states. The model pa-
rameter G increases with increasing generalized shear stress,
whereas 3; and & decrease with increasing generalized shear
stress when S 3 is smaller than S7; (the opposite is true when Sg
is larger thanS7; ), and [, and &, increase with increasing

generalized shear stress.

Model verification

The creep curves for soft clay can be obtained by substituting
the model parameters presented in Table 2 into Eq. (17). The
calculated results of the 3D-FFC model are in good agreement
with the experimental results (Fig. 7). Therefore, the model
not only describes the steady-state creep process of soft clay
under low stress states, but also describes the accelerated creep
process under high stress states.

Model comparisons

The parameters of the Burgers model and fractional Burgers
model are obtained from the experimental results to analyze
the accuracy of the 3D-FFC model. The calculated results are
compared with the creep test results. As all the

Table 2 Parameters of the 3D four-element fractional-order creep
model
SijkPa Gy/kPa [ &/kPah”™ B, &/GPah™ R?
e 104 1832  0.1023 101.7 0.966
244 3604  0.2431 163.6 0917
384 2355 03442 303.8 0.974
526 2279  0.5208 584.6 0.989
66.2 3398 03605 3124 4322 203 0.992
80.4 4027  0.3457 233.1 8.257 42.0 0.989
e —03 2726 0.0351 21.6 0.922
-69 4179 02293 2679 0918
—14.0 900.8  0.3500 333.5 0.994
—-21.0 5745 05842 791.1 0.998
—279 693.5 04180 664.7 1.842  0.0193 0.999
—349 982.1 03075 457.1 6.404 20.8 0.981
g3 —105 2021  0.0423 222.0 0.939
-174 2852 02265 2022 0.901
—245 2418 04811 468.6 0.999
-31.5 2169 0.6081 4512 0.998
—384 2147 04994 4182 2.163 0.0154 0.997
—454 3483 03560 220.2 6329  6.90 0.980
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Fig. 7 Comparison of creep curves between model calculated and experimental results: a £, b €5, and ¢ €3,

abovementioned models can describe steady-state creep accu-
rately, therefore, the creep curves for o; values of 204.6 and
225.8 kPa, which are three-stage creep curves, are used to
compare the models’ performance at describing accelerated
creep, as shown in Fig. 8.

Figure 8 shows that the three models exhibit high
fitting accuracy when o, is 204.6 kPa; thus, they can
adequately describe the deceleration creep, constant creep,
and accelerated creep characteristics of soft clay. Soft clay
presents clear three-stage creep characteristics when o is
225.8 kPa. In this stress state, both the fractional Burgers
model and the 3D-FFC model can accurately describe the
three-stage creep curve of soft clay, whereas the Burgers
model cannot. However, the accuracy of the fractional
Burgers model gradually decreases in the last stages of
the test.

To quantify the differences between the models’ calculated
results and experimental data, the sum of squared errors (SSE)

@ Springer

and the correlation coefficient (R%) were calculated. The re-
sults of SSE and R? calculation under different stress condi-
tions are presented in Tables 3 and 4.

According to Tables 3 and 4, the Burgers model ex-
hibits a larger SSE and smaller R” than those of the frac-
tional Burgers model and 3D-FFC model. When o, is
204.6 kPa, the SSE and R” values for the Burgers model,
fractional Burgers model, and 3D-FFC model are 0.2206,
0.1364, and 0.0652 and 0.9762, 0.9852, and 0.9930, re-
spectively, indicating that the 3D-FFC model can describe
the creep curves of soft clay more accurately than the
Burgers and fractional Burgers models.

Furthermore, for all models, when o is 225.8 kPa, the
SSE values are larger and the R* values are smaller than
those when o is 204.6 kPa under the same conditions.
This indicates that the models are less accurate at describ-
ing accelerated creep than at describing steady creep.
However, the SSE values corresponding to the fractional
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Burgers model and the 3D-FFC model are less than 1,
while the R? values are greater than 0.93, indicating that
these models can effectively describe the accelerated
creep of soft clay, although the four-element fractional
model is better than the fractional Burgers model. As the

Loading time (h)

four-element fractional-order model features a plastic fric-
tion element that can describe the viscoelastic—plastic rhe-
ological characteristics of soft clay, this model is suffi-
ciently robust to describe the entire creep curve of soft
clay.

Table 3 Sum of squared errors

(SSE) and correlation coefficient Strain Index Burgers model Fractional Burgers model 3D-FFC model
(R?) of the calculated results when
o1 =204.6 kPa € SSE 0.2206 0.1364 0.0652
R 0.9762 0.9852 0.9930
€ SSE 0.00892 0.00088 0.00038
R 0.9959 0.9996 0.9998
€3 SSE 0.3945 0.0123 0.0025
R’ 0.982 0.9994 0.9997
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Table 4 The sum of squares of

errors (SSE) and correlation co- Strain Index Burgers model Fractional Burgers model 3D-FFC model
efficient (R?) of oy =225.8 kPa
€1 SSE 6.289 0.6021 0.4994
R 0.6489 0.9664 0.9721
€ SSE 0.09427 0.03784 0.0141
R 0.8461 0.9382 0.9770
€3 SSE 1.272 0.889 0.1509
R 0.7749 0.9426 0.9733

Conclusions

In this study, true triaxial creep tests were performed to investigate
the creep characteristics of soft clay and a 3D four-element frac-
tional-order creep constitutive model (3D-FFC) was established
and validated. The following conclusions were drawn:

1. The creep curves of soft clay were obtained under true
triaxial stress conditions. The values of €4, £,, and £;3 were
3.568%, —0.5742%, and 1.983% when the samples failed
or reached the failure criteria, respectively. This indicates
that the axial deformation was more significant than the
lateral deformation. The instantaneous and creep defor-
mation, creep rate, and long-term strength were analyzed,
and the Kachanov creep damage rate evolution equation
was used to predict the starting point of accelerated creep.

2. The FFC model was established based on the fractional
Burgers model and then extended to three dimensions
according to the 3D viscoelastic—plastic theory. The sen-
sitivities of the model parameters were analyzed. It was
found that creep deformation decreases with the increase
of parameters &, and &. However, in contrast with &, (31,
and (3,, & has no significant effect on the shape of the
creep curves. The smaller the values of &,, the more ob-
vious the characteristics of accelerated creep and the ear-
lier the occurrence of accelerated creep. The characteris-
tics of the accelerated creep curve become significant with
large values of 3; and (.

3. The parameters of the 3D-FFC model were obtained. The
model calculation results were in good agreement with the
experimental results. Moreover, comparison results
showed that the 3D-FFC model was more accurate than
the fractional Burgers model and Burgers model at de-
scribing the entire creep curve of soft clay. Thus, the de-
veloped 3D-FFC model is capable of not only describing
the steady-state attenuation and constant creep stages of
soft clay at low stress values, but also describing the ac-
celerated creep stage at high stress values.

The research results will provide scientific basis for solving

creep instability of soft clay engineering under true triaxial
stress conditions.

@ Springer
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