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Abstract. The time-dependent creep deformation of marine soft-structured clay is a major 

cause of foundation failure on soft grounds around the globe. This study focuses on the analysis 

of the drained and undrained time-dependent creep behavior of a normally consolidated (NC)-

Kyuhoji marine soft-structured clay by FEM with a new Elasto-viscoplastic (EVP) constitutive 

model. One-dimensional creep and consolidated undrained creep element tests are simulated to 

analyze the creep behavior of soft clay under constant load conditions. The creep period of 

1157days is used in the drained state with consolidation pressures from 100 kPa to 450 kPa 

with 50 kPa incremental intervals. The undrained time-dependent creep behavior of Kyuhoji 

clay is analyzed under varying constant creep stresses-qcrp (0.3qf, 0.5qf, 0.6qf, and 0.7qf, where 

qf is the undrained peak strength), and creep periods (11.6days, 463 days, and 5787days). The 

results show the capability of the new EVP model in analyzing creep failure behavior of marine 

soft-structured clayey and can explain the reason for the premature abrupt collapse of 

foundations on soil grounds where drainage is impeded under constant load. 

1. INTRODUCTION. 

The study of rheological creep behaviors of soft cohesive soils by many geotechnical 

scholars has been ongoing around the globe for over seven decades now. The fueling force 

behind this is the increase in demand for land as a result of the increasing global population, 

urbanization, and industrialization around seashores which has triggered land reclamation. As 

such, more research is required to understand the complex coupled mechanical behavior of 

remolded and soft-structured marine clay using experimental models, advanced analytical 

models, and numerical methods like; Finite Element Method (FEM), Discrete Element Method 

(DEM), and the finite difference method (FDM). For the case of  FEM, the initial classical 

models developed in the 19th century like the Modified Cam clay (MCC) [1] and Mohr-

Coulomb models for remolded soils idealize soil as a perfect elastic-plastic material and ignores 

the effect of viscous nature of these soils under full saturation. Hence many scholars have 

labored to improve these classical models into Elasto-viscoplastic models [2, 3, 4] capable of 

capturing the effects of initial soil structural and viscous nature on the short and long-term 

mechanical behavior of soft soils. 
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An experimental study using indoor consolidated undrained triaxial creep tests on Qingyi 

River clay was conducted [5] using separate loading methods under varying confining pressures 

and deviator stresses to establish a new constitutive model. The new model indicated that 

rheological creep strain is divided into instantaneous deformation stage, attenuation creep stage 

and steady creep stage under undrained state. The rate of creep strain was dependent on creep 

load which was a percentage of the soil’s peak strength. 

In the study of creep in geomaterials particularly on soft clay [6, 7] advanced soft clay creep 

models which can effectively account for the anisotropy, initial soil structure, and rate 

dependence of soft soil was used to analyze the settlement performance of test embankments 

on Murro clay and Boston Blue clay. Using one set of material properties obtained from the 

indoor and field tests, the results from the analyses coincided well with the field-measured 

settlements. Hence advanced soft soil creep models are currently vital tools for use by 

geotechnical engineers in understanding complex coupled soil-water mechanical behaviors of 

soft grounds under loading. 

In this paper, the drained and undrained time-dependent creep behavior of normally 

consolidated (NC)-Kyuhoji marine soft-structured clay is analyzed by finite element (FEM) 

ABAQUS software with an advanced combined super-loading and sub-loading yield surface 

Elasto-viscoplastic (EVP) constitutive model. One-dimensional creep and consolidated 

undrained triaxial creep element tests are simulated to analyze the creep behavior of soft-

structured marine clay under constant stress conditions. The effect of pre-consolidation pressure 

in drained creep settlement, the creep stress level and creep periods on undrained creep behavior 

and undrained shear strength are analyzed and discussed 

2. ELASTO-VISCOPLASTIC CONSTITUTIVE MODEL AND FEM SIMULATION 

PROCEDURES.  

2.1. The new Super-Subloading Elasto-viscoplastic model 

This model was developed from modification of Elasto-plastic models like MCC-model for 

NC-remolded clay, Subloading and Superloading yield surface models for overconsolidated 

and structured clay respectively [8], [9]. The new advanced model was proven effective in 

predicting the time-dependent behavior of NC, overconsolidated and structured clay after 

calibration to incorporate material properties of Kyuhoji marine clay [10]. 

In Fig.1(a), (𝑝′, 𝑞) is the current dynamic stress state; (𝑝𝑤
′ , 𝑞𝑤), (𝑝𝑤

′ ∗
, 𝑞𝑤

′ ∗) and (𝑝̅𝑤
′ , 𝑞̅𝑤

′ ) the 

corresponding mean effective stress and the deviator stress on the sub-loading, original Can 

clay, and super-loading yield surfaces for overconsolidated, NC, and soft-structured clay 

respectively. It was assumed that these parameters obey the following relation; 
𝑞𝑤

𝑝𝑤
′ =

𝑞𝑤
′ ∗

𝑝𝑤
′ ∗ =

𝑞̅𝑤
′

𝑝̅𝑤
′  

and the similarity ratios of their intercepts in the mean effective stress 𝑝′axis is given by; 

𝑝̅𝑚
′ (𝑤)

𝑝𝑚
′ (𝑤) =

1

𝑅
  which defines the over consolidation ratio (OCR) denoted by ω, where ω≥1 and 

𝑝̅𝑚
′ (𝑤)

𝑝𝑚
′∗(𝑤) =

1

𝑅∗ defines the initial soil structure parameter denoted by ζ, where 0<ζ≤1 with ζ =1 

means the soil is at full destructuration. 
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Figure 1:(a)Relationship between yield surfaces, (b)stress-strain relationship of Kyuhoji marine clay. 

The validation of the EVP model was done by comparing the numerical simulation results 

of a consolidated undrained triaxial test with soil mechanical parameter of Kyuhoji soft-

structured clay in Table 1 below, with the experimental results (Fig.1 (b)) [11]. The numerical 

results for structured clay match well with the experimental results hence confirming the 

efficacy of the EVP model in predicting the mechanical behavior of structured clay under load.  

Table 1: Model material properties. 

Parameters 

symbols 

ν eo M=q/

p'm 

λ κ c0 m’ Α β ζ ω Θ C 

SI-Units      s-1       kPa 

Values 0.39 1.41 1.49 0.327 0.028 6.27e-11 21.5 0.5 5 0.55 1.15 0.5 10 

Where: ν-Poisson's ratio, e0-Initial void ratio when p'm=1kPa, M=q/p'm-Stress ratio at a critical 

state, λ-Compression index, κ-Swelling index, c0-Coefficient of viscosity, m’-Overstress 

parameter, α-Dissipation coefficient of OCR, β-Dissipation coefficient of soil structure, ζ-Initial 

structural parameter, ω-Over consolidation ratio, Θ-Time integrating factor, and C-the internal 

forces of the cohesive. 

2.2. Simulation procedures for Element test. 

In this study, the mechanical parameters as shown in Table-1 with ζ=0.55 to represent marine 

soft-structured clay are used together with the EVP-model stress algorithm incorporated in 

FEM-Abaqus software to simulate the drained and undrained creep behavior of marine clay at 

element test level. Calibration of experimental data for the EVP-model can be found in [12]. 

2.2.1. One-dimensional creep test. 

A one-dimensional creep test using a separate loading method was simulated using the 

mechanical parameters for Kyuhoji soft-structured marine clay to study its drained creep 

behavior at constant effective stress. An Axisymmetric model to depict half of a cylindrical 

standard size for a one-dimensional consolidation test specimen in the laboratory was modeled. 

The bottom boundaries are fully fixed and the right vertical side boundary was fixed laterally 

and allowed to move in the vertical direction, while axisymmetric conditions set on the left 

vertical boundary as illustrated in Fig.2(a) The top and bottom surfaces are allowed to drain 

while vertical consolidation stress-σv from 100 kPa to 450 kPa in 50 kPa incremental ranges is 
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applied separately from the top boundary as shown in Fig.1(b). For each stress, excess pore 

water pressure is allowed to dissipate fully, then, creep settlement is monitored at constant 

effective stress. 

Soft-structured 
clay

60mm

30mm

20mm

σv

Axisymmetric Line

           

Figure 2: (a) the schematic model of the standard cylindrical size of 60mm height and 20mm diameter for 

analysis, (b) the axisymmetric model in Abaqus for one-dimensional creep test analysis. 

A creep period of 1157 days is allowed while maintaining the same consolidation stress on the 

soil model and monitoring the creep behavior. 

2.2.2. Consolidated undrained triaxial creep test. 

To simulated the undrained triaxial creep test, a conventional consolidated undrained triaxial 

creep tests for different confining pressures-σ3 (200 kPa, 250 kPa, 300 kPa, and 350 kPa) was 

simulated at 0.1% strain rate with 10% axial strain, and the respective undrained peak strength-

qf obtained as shown in Table 2. Similarly, axisymmetric conditions are assumed to depict half 

of the standard cylindrical model of height 80mm by 20mm width as shown in Fig.3(a) and 

considered for analysis. Hence an axisymmetric model as seen in Fig.3(b) is simulated in FEM-

Abaqus to mimic separate loading triaxial creep test procedure in the laboratory.  

Table 2: Undrained peak strength and the creep loads for analysis 

Cell pressure- σ3(kPa) Peak strength-qf (kPa) 0.3qf (kPa) 0.5qf (kPa) 0.6qf (kPa) 0.7qf (kPa) 

200 186 55.8 93 111.6 130.2 

250 235 70.5 117.5 141 164.5 

300 282 84.6 141 169.2 197.4 

350 330 99 165 198 231 

A series of consolidated undrained triaxial creep tests were simulated for stress levels-qcrp 

of (0.3qf, 0.5qf, 0.6qf, and 0.7qf,) for the specified cell pressures with varying creep periods of 

11.6days, 463days and 5787 days. The creep behavior of the NC marine soft-structured clay is 

(a) (b) 
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studied by monitoring the behavior of stress path, excess pore pressure, and axial strain in 

undrained conditions at constant creep stress. After the specified creep period, the specimen 

was sheared by time-controlled vertical displacement, and the effect of creep on undrained shear 

strength of NC marine soft-structured clay was analyzed. 

40mm

20mm

80mm

σ1

σ3

Axisymmetric Line

               

Figure 3: (a) the schematic model of the standard cylindrical size of 80mm height and 40mm diameter for 

analysis, (b) the axisymmetric model in Abaqus for consolidated undrained triaxial creep test analysis. 

3. RESULT ANALYSIS AND DISCUSSION 

3.1. Effect of pre-consolidation pressure on the drained creep behavior of marine 

soft-structured clay (1D creep analysis). 

The creep secondary compression settlement occurs at constant effective stress. For marine 

soft-structured clay, it was highly predicted to be as a result of destructuration by interparticle 

bond breakage and fabric repacking hence reduction in soil’s specific volume [13]. As such, 

secondary compression settlement due to creep was observed to decrease with an increase in 

consolidation pressure (Fig. 4(a)). For σv of 100 kPa, creep settlement of 2.2mm was recorded 

which is about 11% of the soil layer thickness, 1.85mm (9.3%) for 150 kPa, 1.3mm (6.5%) for 

200 kPa, and an average value of about 1.15mm (5.8%) for consolidation pressure from 250 

kPa to 450 kPa without significant change. 
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Figure 4:The relation of (a)Creep secondary compression settlement (b)void ratio versus compression log t 

From the relationship of void ratio-e with time on the log scale ( Fig. 4(b)), after the end of 

primary consolidation period-TEOP of one day, it is observed from the S-shaped curves of the e-

log t, that the secondary compression index-Cα decreases from σv =100 kPa to 300 kPa and the 

(a) (b) 

(a) (b) 
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becomes almost constant for values of σv from 300 kPa to 450 kPa attaining the isotach 

behavior. From the experimental results [10] on Kyuhoji marine soft-structured clay, its pre-

consolidation pressure-σc was about 330 kPa. This means that the Cα value for this soft-

structured clay decreases from σv =100 kPa to σc value and becomes constant for values of σv ≥ 

σc. This means that Cα for this homogeneous marine soft-structured is dependent on the pre-

consolidation pressure. 

3.2. Effect of creep on the stress-Path during the undrained creep state at constant 

stress. 

From Fig.5 (a)-(d), it was observed that after application of creep stress-qcrp, the soil current 

stress state line (CSSL) tends to move towards the critical state line (CSL) as mean effective 

stress decreases at constant deviatoric stress. The 0.7qf case is seen to have reached CSL in 11.6 

days creep period, while 0.6qf, 0.5qf, and 0.3qf still in a stable stress state. This implicitly 

indicates that soil is experiencing time-dependent shear strain hence transiting to failure. 

However, the rate of transition from the CSSL to CSL depends on both creep time and the 

magnitude of qcrp. 
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Figure 5: Stress paths for (a) 0.7qf, (b) 0.6qf, (c) 0.5qf, and 0.3qf for 11.6days creep period in undrained 

conditions 

After the failure of the 0.7qf case, the 0.6qf, 0.5qf, and 0.3qf creep load cases were 

monitored for a creep period of 463 days. Fig.6 (a)-(c) shows that after this period, the soft-

structured clay at 0.6qf has reached the CSL, while the 0.5qf  case CSSL is about to match the 

CSL implying at the verge of failure. However, the 0.3qf case CSSL was still far away from 

the CSL. 

Creep analysis for 5787 days of creep period in the undrained state was done for 0.5qf and 

0.3qf, and as seen from Fig.7 (a), the results show that the 0.5qf  case CSSL almost matches with 

(a) (b) 

(d) 

(c) 
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the CSL implying that soil has failed. However, the stress path for 0.3qf (Fig.7(b)) shows that 

the stress state is not yet at the CSL, hence still apparently stable. 
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Figure 6: Stress paths for (a) 0.6qf, (b) 0.5qf ,and (c) 0.3qf for 463days creep period in undrained conditions 
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Figure 7: Stress paths for (a) 0.5qf, and (b) 0.3qf for 5787days creep period in undrained conditions 

3.3. Behavior of axial strain of marine soft-structured clay during undrained and 

constant creep load conditions. 

From the analysis of the consolidated undrained triaxial creep test simulation, the axial strain 

versus creep time in days was output for qcrp from 0.7qf-0.3qf for different confining pressure 

as shown in Fig.8 (a)-(c). It is observed that after the application of creep load, the rate of axial 

strain was low, then increased to moderate, and finally acceleration stage. The rate of change 

in axial strain from low to moderate, and acceleration depends on the magnitude of qcrp. From 

Fig.8(a)-(c), for all cases of creep periods, it is evident that the rate of creep axial strain 

increased with the magnitude of qcrp, showing 0.7qf reaching the acceleration stage in 11.6 days 

before 0.6qf, 0.5qf, and 0.3qf case. However, it can be seen that creep axial strain is higher for 

lower confining pressures of 200 kPa to 250 kPa as compared to 300 kPa and 350 kPa. After 

463 days creep period, the axial strain of 0.6qf case also reached the acceleration stage (Fig.8(b)) 

which implies failure, while the 0.5qf case entered the acceleration stage after 5787 days before 

the 0.3qf case (Fig.8(c)). Generally, it is concluded in this study that indeed the rate of axial 

strain of soft-structured marine clay in undrained state at constant load conditions increases 

with an increase in creep stress, and creep time, but decreases with an increase in the magnitude 

of confining pressure. 

(a) (b) (c) 

(b) (a) 
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Figure 8:Creep axial strain with log t (days) for; (a)11.6 days, (b) 463 days, and (c) 5787 days  

This finding was in agreement with the recent experimental study of the triaxial creep behavior 

of compacted structured red clay of a roadbed in the southwest of China [14], proving the 

efficacy of the EVP model in use.  

3.4. Deviator and Excess Pore water pressure versus axial strain during undrained 

creep state under constant load. 
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Figure 9:The variation of deviator stress and pore pressure with axial strain for; (a) 0.7qf,  (b) 0.6qf, (c) 0.5qf, (d) 

0.3qf  for 11.6 days creep period. 

To analyze the creep progressive failure of NC soft-structured marine clay in an undrained 

state at constant load, the excess pore water pressure-u and deviator stress which is qcrp was 

plotted against the axial strain for creep periods of 11.6 days, 463 days, and 5787 days as shown 

(a) (b) (c) 

(b) (c) (a) 

(d) 
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in Fig.9, and 10. For the case of 11.6 days creep period as shown in Fig.9 (a)-(d), it was observed 

that after application of qcrp, u increased with axial strain, and time while qcrp was constant. The 

rate of increase in u depends on the magnitude of qcrp applied as a percentage of qf, hence it is 

seen that the increase of u is highest for qcrp= 0.7qf, followed by 0.6qf, then 0.5qf, and finally 

0.3qf. It is imperative to note that the after creep load was fully applied and creep deformation 

allowed to occur, growth in u was rapid, then gradual, and finally constant as seen in the 0.7qf 

case. This can be related to the preceding observations in stress paths and axial strain-log t 

analyses and concluded that the growth of u diminishes as the soil tends to critical state stress 

and acceleration stage of axial strain which is failure state. 
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Figure 10:Variation of deviator stress and pore pressure with axial strain for (a) 0.6qf, (b) 0.5qf, (c) 0.3qf  for 463 

days creep period. 

After the growth of u was constant for 0.7qf case (failure), 0.6qf, 0.5qf, and 0.3qf case were 

monitored for 463 days creep period, and from Fig.10 (a)-(c), it is observed that the growth of 

u diminishes attaining a constant value of u >qcrp, which means failure stage when related to 

the findings in Fig.6. The 0.5qf and 0.3qf cases were then analyzed for 5787 days creep period 

and the same behavior manifested, with the 0.5qf  case on the verge of failure while for the 0.3qf 

case, the growth of u was still in the rapid stage. These findings are similar to what was obtained 

in [15] studies. In conclusion, the growth of excess pore pressure-u at constant stress is the 

major cause of foundation failure in soft soils with low hydraulic conductivity. The rate of 

growth in u depends on the magnitude of applied stress and also the time of loading when 

drainage is impeded. This prediction can not be obtained from the analytical methods because 

they idealize soil as perfect elastic material which is not realistic. Quantitatively, it is seen that 

the new EVP model can give realistic behavior of pore water pressure increase at constant load 

in undrained conditions for soft-structured marine clay, hence can be applied in solving real-

life challenges in Geotechnics. 

3.5. Effect of creep on the undrained shear strength of soft-structured marine clay. 

The effect of creep on undrained shear strength was analyzed by shearing the soil model to 

complete failure at the end of creep periods. From Fig. 12 (a)-(b) for 11.6 days creep period, 

the stress path of 0.7qf case shows softening state, while 0.6qf case indicating transition into 

softening, and 0.5qf case in hardening stage with a peak strength of soil that underwent creep 

higher than that of soil with no creep, and also 0.3qf case indicating the beginning of hardening. 

(a) (b) (c) 
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The observations indicate that in an undrained state under constant load, marine soft-structured 

clay soil initially undergoes creep-hardening, then softening to failure. The softening can be 

attributed to the growth of excess pore pressure at constant load which lows the soil’s effective 

stress. However, the rate of hardening and softening also depends on the magnitude of applied 

stress and creep time. This can explain the reason why most foundations on soft grounds fail 

abruptly after showing apparent stability for some time from the end of construction. It is 

important to note that the analytical calculations used in foundation designs can not explicitly 

predict this time-dependent creep hardening and softening of soil during the service life of 

structural foundations. Hence the modern geotechnical engineers must embrace the use of these 

enhanced EVP-constitutive models to give realistic predictions of the creep behavior of soft-

structured soils under loading. 
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Figure 12:Stress path for 11.6days creep period for; (a) 0.7qf, (b) 0.6qf, (c) 0.5qf, and (d) 0.3qf including shearing 

to failure. 

4. CONCLUSION. 

The creep behavior of (NC)-Kyuhoji marine soft-structured clay was analyzed in drained 

and undrained conditions using enhanced super loading-sub loading Elasto-viscoplastic (EVP) 

constitutive model. One-dimensional creep and consolidated undrained triaxial creep element 

tests are simulated for creep analysis. The effect of pre-consolidation pressure in drained creep 

settlement, the creep stress level and creep time on undrained creep behavior, and undrained 

shear strength was analyzed and discussed 

The results show that:  

(1) In the case of the drained state, the secondary compression index, Cα initially decreases 

with increasing consolidation pressure from 100 kPa up to pre-consolidation pressure-

(a) 

(d) 

(c) (b) 
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σc and becomes constant for consolidation pressures above σc.  

(2) Secondary compression settlement decreases with an increase in the magnitude of the 

consolidation pressure, which showed the importance of preloading. However, the 

lowest value of creep settlement was about 5.8% which is still a significant value that 

requires attention for reduction, especially for structures with high sensitivity to 

excessive settlement eg. Airports. 

(3) In an undrained state with a constant load, soft-structured marine clay is seen to initially 

experience creep hardening, then softening due to an increase in excess pore water 

pressure at constant load up to the failure of soil. This was observed in the stress paths 

which indicated soil stress state transiting from a stable stress state towards the critical 

stress state, hence failure. 

(4) The growth in axial strain in an undrained state is initially low, then moderate, and 

finally rapid indicating the failure zone. The rate of increase in axial strain is both stress 

and time-dependent. 

(5) The rate of excess pore water pressure growth in undrained conditions under constant 

load is highly dependent on the magnitude of creep stress-qcrp and time. 

These results have shown the capability of the new EVP model in analyzing creep failure 

behavior of marine soft-structured clayey and can explain the reason for the premature abrupt 

collapse of foundations on soft-structured clay soils where drainage is impeded under constant 

load. 
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