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1. Introduction 
 

The top layers of soil in the southeastern part of China 

predominantly consist of soft clay. This area is densely 

populated, implying many building activities in and on 

these soft clay layers. However, soft clay exhibits 

pronounced creep deformation under constant stress, which 

poses a challenge for the secure and cost-effective design of 

buildings. For instance, settlement and lateral displacement 

of the soft clay ground embankment, as well as the lateral 

deformation of soft clay slopes, have been proven to be 

related to creep (Hessam and Mohammad 2012, Thu et al. 

2015, Ramadhika et al. 2018, Li et al. 2019, Zhu et al. 

2019, Long et al. 2020, Bi et al. 2022). It is well-accepted 

that a proper creep constitutive model is fundamental to 

predict the creep deformation of soft clay accurately.  

In recent years, various creep constitutive models have 

been proposed (Yao et al. 2015, Rezania et al. 2016, Chen 

et al. 2021, Yin et al. 2023), the most famous among which 

is the Singh-Mitchell model (Singh and Mitchell 1968). The 

Singh-Mitchell model associates the soft clay model to a  
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deviatoric creep behavior. This model represents stress-

strain and strain-time relationships through an exponential 

function and a power function, respectively. The main 

advantages of this model lie in its parameters possessing 

clear physical significance and their ease of acquisition 

through triaxial creep tests. However, the model is valid 

only for 0.3<Dr<0.9 (Borja and Kavazanjian 1985) or 

0.2<Dr<0.9 (Acharya et al. 2018). Moreover, Zhu et al. 

(2006) improved the Singh-Mitchell creep model of soft 

clays based on Mesri model and a series of laboratory 

triaxial creep tests conducted on soft clays from the Pearl 

River Delta, and It was discovered that the values of the 

improved Singh-Mitchell creep model parameters vary with 

drained conditions. Thus, it is imperative for the proposed 

model to account for drained conditions.  

In addition, the volumetric creep behavior of soft clay 

has also been widely integrated into creep constitutive 

models, such as Taylor's secondary consolidation creep 

model (Taylor 1948) and Yin’s EVP model (Yin and 

Graham 1989, 1994). The initially-proposed classical EVP 

model encompasses only two parameters, i.e., ψ/V and t0, 

both of which are derived from creep tests. However, as 

time t increases, the strain tends to increases infinitely, 

which means that there is no upper limit of creep. To 

address this limitation, a novel nonlinear logarithmic 

function was proposed (Yin 1999, Chen et al. 2021), which 

is essentially a hyperbolic function. The model’s predictions 

show a good fit with the experimental results.  

Simultaneously, there exist certain constitutive models 

that link the creep model to both volumetric and deviatoric  
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creep behavior. (Kavvadas and Kalos 2019, Venda Oliveira 

et al. 2019). Borja and Kavazanjian (1985) suggested that 

deviatoric creep strain and volumetric creep strain are 

estimated using Singh-Mitchell's creep law and Taylor's 

secondary consolidation creep law (Taylor 1948), 

respectively. The flow surface is assumed to have the same 

form as the elliptic yield surface of the Modified Cam-Clay 

based models (Hsieh et al. 1990, Borja 1992, Morsy et al. 

1995). Oliveira et al. (2019) analyzed the predictive 

capability of Borja's model in estimating the creep behavior 

of soft clay under preloading conditions. The numerical 

results show that the impact of deviatoric creep for the long-

term behavior on clay behavior is negligible compared to 

the effect of volumetric creep. Liu (2008) associated the 

volumetric and deviatoric creep laws (described by Taylor’s 

and Mesri shear creep laws (Mesri et al. 1981)) to the 

Prandtl-Reuss flow rule (Jiang and Mu 1984). 

In summary, various constitutive models are established 

based on volumetric creep behavior, deviatoric creep 

behavior, or a combined consideration of both in soft clay.  

So far, there is limited research that explores the 

distinctions among these three types of creep constitutive 

models. Thus, this paper introduces two refined hyperbolic 

equations for the relationship between strain and time, 

grounded in volumetric creep and deviatoric creep 

behaviors. These equations are verified by a comprehensive 

collection of laboratory test results. The three constitutive 

models were derived by considering different creep 

behavior. Further, a comparative analysis was carried out on 

the three models. 

 
 
2. Empirical equations of creep strain with time 

 

2.1 An updated hyperbolic equation of volumetric 
creep strain with time 

 

Referring to the experimental results of various studies 

(Chen et al. 2003, Hu 2013, Liu 2020), the volumetric creep 

values of soft clays under different stress states has been 

obtained, such as Fig. 1. 

 

 
Fig. 2 Schematic diagram of the physical meaning of αv 

and βv 

 

 

A hyperbolic equation describing the relationship 

between volumetric creep strain and time can be obtained as 

Eq. (1) by fitting the data points in Fig. 1. 
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where 
c

vε  is the volumetric strain of soft clay after the 

creep starting for a period of time t. The parameter t0 

=1440min (equivalent to one day) is used to render the 

equation dimensionless. αv and βv are two soil mechanical 

parameters related to stress state. αvt0 equals to the 

reciprocal of the limiting volumetric creep strain. Parameter 

βv equals to the reciprocal of the initial volumetric creep 

strain rate. A schematic diagram is presented in Fig. 2. 

It has been observed that parameters αv and βv exhibit 

variations corresponding to different confining pressures 

and deviatoric stress states. αv is related to the effective 

deviatoric stress q and βv is related to the effective stress 

ratio q/p. The computed results of two parameters are 

plotted in the plane of αv-q/pa and βv-q/p, respectively, in 

Figs. 3 and 4. The standard atmospheric pressure pa is used 

for dimensionless transformation, pa=100 kPa. Notably, the 

figures demonstrate that the empirical relationships Eqs. (2) 

and (3) effectively describe the fitted test points. 
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(a) σ3=150 kPa (b) σ3=200 kPa 

Fig. 1 Evolution of volumetric creep strain with time for Cangzhou reconstituted clay under different deviatoric stresses q 

and confining pressures σ3 (Liu 2020) 
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Fig. 3 Relationship between αv and q/pa for Cangzhou 

reconstituted clay 

 

 
Fig. 4 Relationship between βv and q/p for Cangzhou 

reconstituted clay 
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where kv1, nv1, kv2 and nv2 are non-dimensional soil 

mechanical parameters. q is the effective deviatoric stress. p 

is the effective mean normal stress. In triaxial tests, q=σ1-σ3, 

p=(σ1+2σ3)/3. 

From the expressions for αv and βv (given Eqs. (2) and 

(3)), Eq. (1) can be rewritten as Eq. (4), which is the final 

expression of volumetric creep strain under general stress 

state. 
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(4) 

 

2.2 An updated hyperbolic equation of deviatoric 
creep strain with time 

 

Based on the results of a large number of drained 

triaxial creep tests, the variation trend of strain-time curve is 

analyzed in (Chen et al. 2003, Dong 2007, Hu 2013, Liu 

2020). It is found that evolution of deviatoric creep strain  

 

(a) Zhuhai clay (Hu 2013) 

 
(b) Shantou to Jieyang high-speed road soft clay (Dong 

2007) 

Fig. 5 Measured and calculated deviatoric strain with 

time of clay under confining pressure of 100 kPa 

 

 

with time is similar to that of volumetric creep strain with 

time. A hyperbolic deviatoric creep Eq. (5) is therefore 

proposed as follows. 

0
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where 
c

sε  is the deviatoric strain of soft clay after the creep 

starting for a period of time t. αs and βs represent two soil 

mechanical parameters, which can be acquired through 

drained triaxial creep tests.  Based on Eq. (5), the parameter 

αs is related to the initial deviatoric creep strain rate. αst0 

equals to the reciprocal of the initial slope of 
s

c -t curve 

(i.e., the initial deviatoric creep strain rate). The parameter 

βs equals to the reciprocal of the limiting deviatoric creep 

strain.  

Similar to volumetric creep model parameters, αs and βs 

are assumed as Eqs. (6) and (7), respectively. 
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(a) Curve of ε-t 

 

(b) Curve of ε-lgt 

Fig. 6 Schematic diagram of strain with time for creep of 

soft clays (It assumes that creep occurs at the end of 

primary consolidation) 

 

 

where ks1, ns1, ks2 and ns2 are non-dimensional soil 

mechanical parameters. 

Substituting Eqs. (6) and (7) into Eq. (5) results in Eq. 

(8), which is the final expression of deviatoric creep strain 

under general stress state. 
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(8) 

Clays of Zhuhai (Hu 2013) and the foundation of the 

Shantou to Jieyang high-speed railway in China (Dong 

2007) were employed to validate the accuracy of Eq. (8).  

The predicted results of different deviatoric stress levels 

using the obtained parameters from Eq. (8) and the test data 

are shown in Fig. 5. It is observed that the curves of the 

proposed equation agree well with the test data under 

different stress states, indicating that Eq. (8) is able to 

describe the deviatoric creep strain of soft clays. 

 

 

3. Three models incorporating different creep 
behaviour 
 

3.1 Creep strain component 
 

It is assumed that the whole deformation process of soft 

clay is divided into elastic-plastic deformation unrelated to 

time and creep deformation related to time, and can be 

written as Eq. (9). 
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where ε is the total strain. εe is the elastic strain. εc is the 

creep strain. εp is the plastic strain. t is the time of 

deformation. tEOP is the ending time of primary 

consolidation. The ending time of primary consolidation 

tEOP is related to types, thickness, pressure of soils and so 

on. Many scholars proposed the inflection point of ε-t curve 

as the ending time of primary consolidation, or intersection 

point of two lines in the plane of ε-lgt is regarded as the 

ending time of primary consolidation tEOP. Schematic 

diagram of tEOP is shown in Fig. 6. The elastoplastic strain 

εe and εp are consistent with the modified Cam-Clay (MCC) 

model. The volumetric creep and deviatoric creep strain of 

soft clay (i.e., the creep strain εc) are computed as described 

above according to the results of triaxial tests in various 

areas. 

The creep constitutive model is commonly described in 

incremental form in order to adapt to the numerical 

implementation in the generic finite element framework. 

According to the characteristics of viscosity of soils, the 

total incremental strain dεij is the sum of an elastic 

incremental strain e

ijdε , a plastic incremental strain p

ijdε  and 

a creep incremental strain c
ijdε , which can be expressed by 

Eq. (10). 

= + +e p c

ij ij ij ijdε dε dε dε  (10) 

The elastic incremental strain e

ijdε  and plastic 

incremental strain p

ijdε  are expressed respectively by Eqs. 

(23) and (24) in Appendix A. The calculation processes of 

creep incremental strain c

ijdε  will be introduced in next 

sections. 

 
3.2 V-model using volumetric creep equation 
 

There is a plastic potential surface in the study of plastic 

strain. Similarly, there is a flow surface Q in the study of 

creep deformation. Based on the flow rule proposed by 

Perzyna (1966), Yin (1999) suggested that the components 

of creep strain are described as Eq. (11). 
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(11) 

where Q is the creep strain rate flow surface function. dS is 

the creep scaling function, which determines the magnitude 

of the creep strain. 

It is assumed that the Q in Eq. (11) has the same form as 

the elliptic yield surface function of the MCC model, that is, 

Q=f. The volumetric creep behavior of soft clay is adopted 

to creep constitutive model. Thus, Eq. (11) becomes Eq. 

(12). 
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By differentiating Eq. (4) with respect to t, volumetric 

creep stain rate is described by Eq. (13). 
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(13) 

t is described by Eq. (14) according to Eq. (4) 
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From Eq. (14) and Eq. (13), the final volumetric creep 

stain rate is described as Eq. (15). 
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(15) 

The creep scaling function is expressed as Eq. (16) by 

combining Eqs. (12) and (15). 
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(16) 

From Eq. (16) and Eq. (11), the final creep increment 

under general stress state can be obtained as Eq. (17). The 

final creep constitutive model V-model which is developed 

by incorporating the updated volumetric creep equation is 

obtained hence (Eq. (25) in the Appendix B). 
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(17) 

As described above, t0=1440min, the initial void ratio e0 

can be obtained from survey data. Thus, there are actually 

eight parameters in V-model. Parameters M, λ, κ and μ are 

related to elastic-plastic deformation. Parameters M is the 

slope of the critical state line. It is easily obtained from 

laboratory conventional triaxial test data. λ and κ are 

measured from conventional 1-day loading oedometer test 

results. The value of Poisson’s ratio μ for each clay is 

selected according to previous experience. Parameters kv1, 

kv2, nv1 and nv2, related to volumetric creep deformation, are 

obtained by laboratory triaxial creep test, as noted 

previously. 

 

3.3 D-model using deviatoric creep equation 
 

Similar to the derivation process of section 3.2, the flow 

proportional equation of deviatoric creep component can be 

got from empirical Eq. (8) as follows 
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Then, the final creep increment of D-model under 

general stress state can be obtained as Eq. (19). 
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(19) 

The final creep constitutive model D-model considering 

the deviatoric creep behavior is built (Eq. (26) in the 

Appendix C). As described above, there are eight 

parameters in D-model. Parameters M, λ, κ and μ are related 

to elastic-plastic deformation. The physical meanings of the 

four parameters have been explained in the previous 

section. Parameters ks1, ks2, ns1 and ns2, related to deviatoric 

creep deformation, are obtained by laboratory triaxial creep 

tests. 

 

3.4 VD-model using both volumetric and deviatoric 
creep equations 

 

VD-model associates the soft clay model to the 

volumetric and deviatoric creep. According to Prandtl-

Reuss flow rule (Jiang and Mu 1984) that assumes the Q 

has the same form as the Mises yield function (von Mises 

1913), strain increment is expressed as Eq. (20). 
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tensor, 
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According to Eq. (20), the final creep increment of VD-

model can be expressed as Eq. (21). 
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 (21) 

Final creep constitutive model VD-model based on 

Prandtl-Reuss flow rule is shown in Appendix D. There are 

12 parameters in the constitutive model VD-model. As 

above mentioned, parameters M, λ, κ and μ, related to 

elastic-plastic deformation, are obtained by laboratory 

conventional triaxial test and compression test data. 

Parameters kv1, kv2, nv1, nv2, ks1, ks2, ns1 and ns2, related to 

creep deformation, are obtained by laboratory triaxial creep 

test. 

 

 

4. Experimental validation and comparisons of 
three models 
 

4.1 Prediction accuracy of three models 
 
The equation of elastic-plastic strain for soft clays has 

undergone validation within pertinent literature (Roscoe and 

Burland 1968). Therefore, this study aims to verify and 

compare creep strain increments of three different models. 

The drainage triaxial creep tests were performed on 

reconstituted clay from Zhuhai to verify and compare the 

proposed creep models. Main physico-mechanical  
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Table 1 Main physico-mechanical properties of Zhuhai 

reconstituted clay (Hu 2013) 

γ /(kN/m3) w /% e /% 
lw /% pw /% 

61.8 1.67 60 27 2.67 

 

Table 2 Creep test program of soft clay from Zhuhai (Hu 

2013) 

σ3 (kPa) q (kPa)     

200 264 312 360 408 
Model 

validation 

300 357.5 422.5 487.5 552.5 
Parameter 

solution 

 

 

properties of Zhuhai clay are listed in Table 1. The details 

of the creep test program are presented in Table 2. The data 

at confining pressure of 300 kPa is employed to determine 

the model parameters, and then the test data at confining 

pressure of 200 kPa are utilized to assess the predictive 

accuracy of the three models. 

The creep model parameters of Zhuhai reconstituted 

clay are determined using methods mentioned above 

(M=1.501, kv1=26.47, nv1=1.55, kv2=2.04, nv2=4.18, 

ks1=535.22, ns1=4.33, ks2=1.21 and ns2=7.73). The predictive 

values of major principal strain and minor principal strain 

under a confining pressure of 200 kPa are calculated by the 

obtained parameters and the creep increment equations (in 

the Appendix E). The predictions and the test data are 

presented in Fig. 7. The test data of q=360 kPa are taken the 

examples. 

It is seen from Fig. 7 that the predicted trends of the 

three constitutive models are in basic agreement with the 

test data. The forecasting ability of VD-model is the poorest, 

and the predictions by the model are smaller than the 

experimental values. The predicted results of V-model and 

D-model show good agreements with experimental results. 

Despite the predictions are larger than test data in later 

period of creep, it is safe to use the two models in 

engineering design.  

At the same time, laboratory drained triaxial creep tests 

were conducted on soft clays from Daishan to verify and  

 

 

compare the three models. Specimens were consolidated 

under a confining pressure of 200 kPa. Then, different 

deviatoric stresses q were imposed to these specimens while 

keeping the confining pressure constant. All tests lasted 

almost 10000 minutes and the evolution of strain with time 

was recorded. The creep model parameters of Daishan clay 

are obtained (M=0.94, kv1=3.71, nv1=0.21, kv2=1.82, 

nv2=0.69, ks1=11.6, ns1=1.01, ks2=1.51 and ns2=0.44). The 

predicted results of major principal strain and minor 

principal strain using the obtained parameters under fixed 

confining pressure of 200 kPa are compared with the test 

data, as indicated in Fig. 8. 

It is observed from Fig. 8(a) that the trend of the major 

principal strain is similar to that of Zhuhai clay. The 

predictions from D-model compared with those from V-

model and VD-model are in better agreement with the 

experimental data. Fig. 8(b) illustrates the minor principal 

strain with time. Its trend is inconsistent with that of the 

major principal strain. The experimental values of the minor 

principal strain appear positive, while the predicted values 

of V-model and D-model are always negative. In general, 

the principal strains predicted by VD-model are smaller 

compared with the test data. The principal strains predicted 

by V-model are unstable, which is larger in the early period 

of creep and smaller in later period of creep. The principal 

strains predicted by D-model are the most accurate. 

Further, the creep test data for clay in Guangdong, 

China (Chen et al. 2003) are analyzed in order to validate 

the predictive effect of three models. The parameters are 

obtained M=1.5, kv1=0.41, nv1=1.17, kv2=0.22, nv2=1.19, 

ks1=0.28, ns1=1.93, ks2=0.25 and ns2=1.93. The predicted 

results of the principal strain and test data under confining 

pressure of 100 kPa and deviatoric stress of 112 kPa are 

listed in Fig. 9. 

It is found from the Fig. 9 that V-model and D-Model 

were able to capture satisfactorily the consolidation and 

creep behavior, and D-Model is superior to V-model. For 

the minor principal strain, the predictions of V-model and 

D-Model slightly exceed the experimental values in later 

period of creep. It is safe for engineering constructions so 

that the influence can be ignored. The principal strains  

  
(a) major principal strain (b) minor principal strain 

Fig. 7 Evolution of volumetric creep strain with time for Cangzhou reconstituted clay under different deviatoric stresses q 

and confining pressures σ3 (Liu 2020) 
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predicted by VD-model are smaller than the experimental 

values. Therefore, VD-model clearly underpredicts the 

creep deformations, which is dangerous for engineering 

design. In addition, for the minor principal strains predicted 

by the VD-model, the positive values even are appeared. 

The results show that the predictions of D-model are the 

most accurate for the clay in Guangdong. It is same to 

Zhuhai clay and Daishan clay above. 

 

4.2 Sensitivity analysis for three models 
 

It is worth noting that the quality of the model depends 

not only on the accuracy, but also on the parametric 

sensitivity. The parametric sensitivity of the models may be 

poor even though the predictions are accurate. The model 

with high sensitivity leads to a larger deviation between the 

predictions and the test data if there are errors in the 

parameters, thus it is necessary to analyze further the 

parametric sensitivity of the models. 

The parameter M determined by consolidated drained 

triaxial test may be larger or smaller due to the test errors. 

Predictions of the models will be affected if the model is 

highly sensitive to parameter M. It is crucial to explore the 

influence of parameter M on the predicted results of the 

models. It is found that the primary strains of VD-model are 

irrelevant to parameter M, i.e., VD-model is not affected by 

M.  

 

 

 

Zhuhai clay is taken as an example to compare the 

parametric sensitivity of V-model and D-model. The 

sensitivity of its major principal strains to parameter M 

under fixed confining pressure of 200 kPa and deviatoric 

stress of 408 kPa is analyzed. The value of parameter M is 

changed under constant other parameters. M increased by 

10% from 1.501 to 1.651, decreased by 10% to 1.351. Fig. 

10 shows the curve of corresponding predictions with time 

obtained by substituting the increased or decreased M 

values into the two models. 

Fig. 10 shows that the parametric sensitivity of D-model 

is lower. The predicted values of D-model for creep change 

slightly with the change of the parameter M. The parametric 

sensitivity of V-model is high, especially the predicted 

values increase too much as the parameter M decreases by 

10%. It is indicated that V-model is inapplicable for 

engineering. The main reason for the high sensitivity of V-

model is that the creep proportional equation dS is 

calibrated by volumetric creep strain in V-model. The creep 

strain component of V-model contains 

2 2 2

3 ( )

3

ij ij ijδ p σ pδ

M p q

 
 

 

 factor, which is simplified to

2 2

1 2

3

η

M η

 
 

 

under triaxial stress state. However, the 

creep proportional equation dS of D-model is calibrated by  

  
(a) major principal strain (b) minor principal strain 

Fig. 8 Measured and predicted principal strain with time for Daishan clay under fixed deviatoric stress of 140 kPa and 

confining pressure of 200 kPa 

  
(a) major principal strain (b) minor principal strain 

Fig. 9 Measured and predicted principal strain with time for Guangdong clay under fixed deviatoric stress of 112 kPa and 

confining pressure of 100 kPa (Chen et al. 2003) 
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Fig. 11 Effect of the range of the parameter M on the 

magnitude of the model’s predicted values 

 

 

deviatoric creep strain. Its creep strain component contains 
2 2 2 3( )

2 3 2

ij ij ijδ σ pδM p q

q p q

 
 

 

 factor, which is simplified 

to 
2 2

1
6

M η

η

 
 

 

 under triaxial stress state. The factor 

2 2

1 2

3

η

M η

 
 

 

is more sensitive to the change of M than

2 2

1
6

M η

η

 
 

 

. Further, the variation range of the predicted 

values of the three models with M values from -10% to 10% 

are drawn in Fig. 11. 

It is clearly seen from Fig. 11 that V-model is 

significantly affected by the parameter M. The predictions 

of V-model increase respectively by 18.3% and 45.2% with 

the parameter values decreasing by 5% and 10%, and with 

the parameter values increasing by 5% and 10%, the 

predicted values of V-model decrease by 13.3% and 23.3%, 

respectively. D-model is lower sensitive compared with V-

model. The deviation of the predicted value of D-model is 

within 5% when the parameter variation range is 

−10%−10%.  

As mentioned above, the parametric sensitivity of VD-

model is the lowest, follow by D-model and the last one is 

V-model. Combined with the prediction accuracy of the  

 

 

three models, it is observed that the predicted value of VD-

model is smaller than the test data resulting in VD-model is 

unsafe for engineering. Therefore, the applicability of D-

model is the best, and it is suggested in engineering 

applications. 

 

 

5. Discussions 
 

In this study, three creep constitutive models are 

developed based on the updated hyperbolic volumetric and 

deviatoric creep equations. During the derivation process, 

we assume that elastoplastic deformation and creep 

deformation are clearly conducted separately. It must be 

acknowledged, nonetheless, that this assumption has certain 

flaws. For example, it fails to satisfy the developing 

theories in viscous behaviour of clayey soils and usually 

underestimates the long-term settlements (Chen et al, 

2021). Therefore, some researchers argue that creep occurs 

throughout the entire consolidation process (Freitas et al. 

2011, Zhu et al. 2015, Chen et al. 2014, Qiao et al. 2016, 

Zhao et al. 2018, Liu et al. 2019). However, most engineers 

primarily focus only on post-construction settlement (i.e., 

the creep deformation assumed in the paper) because the 

primary consolidation stage of soft foundations has been 

completed during the construction period. Therefore, it is 

reasonable to divide creep and primary consolidation 

completely in a way. 

Overall, the predictions from the three models proposed 

in the paper agree well with the test data in different regions 

of China. The V-model and D-model exhibit good 

agreement with the laboratory test data compared to the 

VD-model. However, the two models show poor predictive 

ability for minor primary strain over time due to inherent 

drawbacks in the hyperbolic equation.  The predictions of 

the updated hyperbolic equations (V-model and D-model) 

are monotonically increasing, whereas the test data first 

increase but then decrease with time. The two models 

cannot catch the dilative behavior for the examined soils. 

Moreover, it is possible that the flow surface of the MCC 

model may not accurately capture the creep behavior of soft 

clays.  
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Fig. 10 Effect of changing parameters on the predicted values of the two models 
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Despite the fact that the VD-model underestimates creep 

deformations, its predicted trend is satisfactory. In other 

words, the VD-model (which uses both volumetric and 

deviatoric creep equations) seems to capture the dilative 

behavior of the examined soils. (e.g., data presented in Fig. 

8(b) or in Fig. 9(b)). It implies that the flow surface using 

the Mises yield function that VD-model adopts is perhaps 

more reasonable. In addition, the VD-model may be more 

rational because it considers both volumetric and deviatoric 

creep equations. However, it dose underestimate the creep 

deformation in real engineering applications. The model 

needs to be improved through introducing correction 

factors. 

In this work, all the soft clays exhibit two creep phases, 

including decay creep and steady creep, without an 

accelerated phase of the creep. Some scholars have found 

that at higher shear stress levels, certain soft clays show 

accelerated creep (Jiang et al. 2014) and the predictions of 

the three models deviate from test data. It is widely 

assumed that the overstress theory is unable to express 

accelerated phase of the creep. In addition, creep behavior 

of soft clay differs from elastic-plastic deformation. There 

are shortcomings associated with the cam clay plasticity 

framework used in creep. Thus, the proposed model needs 

to be improved further by considering rate-dependent 

properties, non-associated flow and different flow rule. 

The soft clays in this study are distributed in coastal 

areas of China and around the Yangtze River. The basic 

physical properties of these soft clays are as follows: water 

content ω > 60%, liquid limit ωl = 60%-80%, plastic limit 

ωp = 27%-30%. Based on the models’ performance, it can 

be inferred that the models are suitable for soft clays with 

high water content and compressibility. A broad 

investigation involving more potential factors is needed. 

However, the proposed models currently focus on the 

effects of consolidation stress, shear stress level and stress 

ratio. It is essential to enhance the model’s performance for 

different situations. Therefore, the models need to consider 

additional factors, such as consolidation ratio, shear rate, 

and so on. These researches would benefit the engineering 

practice. 
 

 
6. Conclusions 

 

In the work, two updated hyperbolic equations based on 

the volumetric creep and deviatoric creep are proposed, 

respectively. Subsequently, three creep constitutive models 

based on different creep behavior are developed and 

compared. The main conclusions include (1) The D-model 

shows the most accurate predictions with strong model 

stability. The V-model also predicts the creep deformation 

accurately. However, it exhibits high parametric sensitivity.  

The VD-model shows the lowest parametric sensitivity, 

but its predicted values consistently fall below the test data. 

This discrepancy may lead to an underestimation of creep 

deformation in real engineering applications. Therefore, it is 

recommended that the D-model be prioritized in 

engineering practice. (2) The VD-model successfully 

captures the dilative behavior of the examined soils. The 

utilization of the Mises yield function in the flow surface, as 

adopted by the VD-model, seems more reasonable. This 

implies that the flow surface significantly influences the 

model's predictions. Hence, there is a pressing need to 

identify a more suitable flow surface function. (3) The 

models should incorporate additional factors, such as 

consolidation ratio, shear rate, water content, and so on. 

These areas deserve further investigation, and this research 

should serve as a guide for engineering practice, ultimately 

benefiting engineering applications. 
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Appendix A 
 
Under triaxial stress state, there is the following 

relationship between stresses 
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(22) 

Similar to the MCC model, the elastic-plastic strain 

components are shown by Eq. (23) and Eq. (24). 
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 (24) 

where E is module of elasticity. κ is the slope of the 

reloading curve after the rebound of the isotropic 

consolidation test in e-lnp plane. μ is Poisson’s ratio. e0 is 

the initial void ratio. δij represents the stress value under 

general stress state. δij is a Kronecker symbol, when i=j, 

δij=1, otherwise 0. λ is the slope of the loading curve of the 

isotropic consolidation test in e-lnp plane. 
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Appendix B. V-model 
 

Substituting Eqs. (17) and (23)-(24) into Eq. (10), the 

constitutive model (V-model) is expressed by 

       

 

 
2

1

0 0

2 2 2

2 2 2 2 2 2 2 2 2

0

2

22 2 2

1 0

1
-

3(1- 2 ) 1 (1- 2 ) 1

3 2

1 3

3
1 ( )

3

( )
-

v

v

e p c

ij ij ij ij

ij ij

ij ijij

ij ij ncij

v v

n

v

a

dε dε dε dε

μ κ μ κ
pdσ dpδ

μ e μ e

σ pδδλ κ M p q pq
dp dq

e M p q p M p q M p q

p σ pδδ q
ε k

M p q p

q
k t

p



  




 

 
  

   


 




  
  

  

   
   

  





dt


 


 

(25) 

 
 
Appendix C. D-model 
 

Substituting Eqs. (19) and (23)-(24) into Eq. (10), the 

constitutive model (D-model) is expressed by 
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Appendix D. VD-model 
 
Substituting Eqs. (21) and (23)-(24) into Eq. (10), the 

constitutive model (VD-model) is expressed by 
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Appendix E 
 

The major principal strain and minor principal strain of 

creep strain of the three models are shown as follows to 

depict Figs. 8-12. 

The major principal strain and minor principal strain of 

creep for V-model 
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The major principal strain and minor principal strain of 

creep for D-model 
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The major principal strain and minor principal strain of 

creep for VD-model 
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