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Abstract: The generation of negative skin friction (NSF) induces the additional axial force on 4 

the pile, which exerts a detrimental load rather than a beneficial one. However, the effect of 5 

soil creep on the long-term development of NSF has remained poorly understood. The study 6 

uses numerical analysis to investigate this effect. First, an elasto-viscoplastic model with an 7 

enhanced time integration algorithm is successfully implemented into a finite element code. 8 

Next, the two-dimensional axisymmetric pile-soil interaction model is established and properly 9 

calibrated with a known field case. Finally, parametric studies are conducted to examine 10 

different degrees of creep effect on the variation in NSF and neutral plane (NP) within the 11 

primary and secondary consolidation periods. According to the findings, a high creep 12 

coefficient of the soil results in an increase in NSF and descending trend of the NP. The creep 13 

induced delay of NSF is observed attributed to the increase in excess pore pressure during the 14 

early stage of consolidation. The NP position varies drastically at the commencement of 15 

consolidation when taking creep into consideration. Lastly, the study proposes an exponential 16 

prediction model to reflect the time dependence of the location of the NP. 17 
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1. Introduction 19 

Many tall buildings are supported by piles that have been driven into recently reclaimed 20 

soils. The consolidation of soil may lead to a substantial degree of settlement around the pile. 21 

Normally, the positive skin friction along the pile, along with the pile toe resistance support the 22 

load imposed by the upper structure. However, the downward movement of the soil relative to 23 

the pile changes the shear force direction in the pile-soil interface, inducing the negative skin 24 

friction (NSF), which has the same direction as gravity. The additional axial force induced by 25 

NSF, called drag load, causes extra pile settlement, referred to as down drag (Fellenius, 1989). 26 

The drag load is regarded as a detrimental load that reduces the pile’s axial capacity and is 27 

likely to exceed the pile’s structural strength (Poulos, 1997).  28 

Both long-term field test schemes (Bjerrum et al., 1969; Fellenius, 1972; Hong et al., 2015; 29 

Indraratna et al., 1992; Leung et al., 1991) and small-scale model tests (Lam et al., 2009; Ng 30 

et al., 2008; Shibata et al., 1982; Zhao et al., 2022) have been conducted on the development 31 

of drag load and down drag of piles. The results showed that during consolidation, the change 32 

of the effective stress in the soils governs the load transfer mode from the soil to the pile, which 33 

controls the magnitude of the drag load, down drag as well as the position of the neutral plane 34 

(NP, the position where no relative movement takes place between the pile and the surrounding 35 

soil). In addition, only a few millimeters of relative displacement are needed to fully mobilise 36 

the skin friction in both negative and positive directions. 37 

In addition, numerical simulations have been conducted using various soil constitutive 38 

models (Chiou and Wei, 2021; Lee et al., 2002; Liu et al., 2012; Sun et al., 2015; Zhao et al., 39 
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2022) and pile-soil interface models (Alonso et al., 1984; Cao et al., 2014; Chen et al., 2009; 40 

Jeong et al., 2004; Yan et al., 2012) to study the NSF on piles. Chen et al. (2009) developed a 41 

hyperbolic interface model and investigated the distribution of the NSF and axial force 42 

considering the nonlinear consolidation. Yan et al. (2012) proposed a modified algorithm in 43 

subroutine which can consider the effect of excess pore pressure in the pile-soil interface 44 

behaviour. Chiou and Wei (2021) used the modified Cam Clay model to simulate soft soil and 45 

verified their findings by field test results. The influence of pile head loading, surcharge 46 

pressure and different types of bearing layers on the drag load were analyzed properly. 47 

Although the consolidation of soft soil has been considered in simulations of the time-48 

dependent development of the drag load, the existing literature has overall neglected the 49 

viscous behaviour of soft soil, such as creep. Nevertheless, the creep deformation of clay is 50 

intrinsic to soft soils and should be considered in engineering design (Chen et al., 2021; Yin 51 

and Graham, 1994; Yin and Zhu, 2020). Creep induced settlements can influence the 52 

development of drag load, especially over the entire course of design life, for example, 50 years 53 

(HKIE, 2017). Notably, even assuming that the settlement due to creep accounts for a small 54 

percentage of the total settlement, it should be noted that only a few millimeters could fully 55 

mobilise the NSF as mentioned earlier. Furthermore, the creep deformation may also generate 56 

excess pore pressure (Yin and Zhu, 1999; Yin et al., 1994), influencing the load transfer from 57 

the soil to the pile. The creep effect on the development of drag load and the location of the NP 58 

are not fully understood, and research on the magnitude of drag load after long-term 59 

consolidation remains limited.  60 
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This study aims to investigate the NSF of a single pile embedded in soft soil with and 61 

without considering creep. In this paper, firstly, an elasto-viscoplastic model is used to consider 62 

the creep behaviour of the soft soil, and with the enhanced time integration algorithm the model 63 

is implemented into the finite element code ABAQUS. Then, the numerical model is 64 

established and verified through a field case. Lastly, the parametric analysis is conducted. The 65 

creep effects on NSF and NP, as well as settlement and excess pore pressure of the soil in both 66 

the primary consolidation and secondary consolidation are examined. 67 

2. Elasto-viscoplastic model with enhanced time integration algorithm  68 

In this study, the finite element software ABAQUS (Dassault Systemes, 2020) is employed 69 

to simulate the behaviour of the pile-soil system. Although the modified Cam Clay model 70 

(MCC) is one of the most popular models for simulating soft soil behaviour in ABAQUS 71 

(Roscoe and Burland, 1968), the MCC model takes no account of the viscous behaviour, such 72 

as creep. Therefore, the ANICREEP model that is extended from overstress theory of Perzyna 73 

proposed by Yin et al. (2010, 2011), has been selected as a representative elasto-viscoplastic 74 

model for soft clays in this study. A further introduction to the ANICREEP model is provided 75 

in Appendix A. This model is implemented into ABAQUS as a user-defined material via using 76 

the material subroutine UMAT. UMAT will be called at all Gauss integration points of elements 77 

through which the ANICREEP is implemented. For each calculation step, stresses and state 78 

variables have to be updated, and the material Jacobian matrix is calculated and provided for 79 

the stiffness matrix of the element. 80 

Katona (1984) put forward an algorithm for elasto-viscoplastic models using a time 81 
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integration scheme. To enhance the algorithm, the original Katona algorithm with adaptive 82 

substepping (OK-AS) is briefly introduced in Appendix B. Since OK-AS failed to consider 83 

the hardening parameters changing with viscoplastic strain in the iterative procedure, the 84 

convergence rate is significantly reduced. Therefore, in order to improve the robustness of the 85 

ANICREEP model and calculation performance in the finite element analysis, the modified 86 

Katona algorithm with adaptive substepping (MK-AS) is applied for the stress-strain-time 87 

integration. Both the stress and the hardening parameters are changing with viscoplastic strain 88 

in the iterative procedure simultaneously. Submitting Eq. (B1) and Eq. (B2) into Eq. (B5), the 89 

equation could be rearranged as: 90 
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where 'σ  are the stress vectors, ζ are the hardening parameters, vpε  is the viscoplastic strain 94 

rate, D is the elastic matrix, Δt is the time increment,   is the viscoplastic multiplier, θ is the 95 

adjustable integration parameter, h are the hardening parameters.  96 

The flow chart of MK-AS is shown in Fig. 1. The modified viscoplastic strain rate vpε  is 97 

updated based on new stress 'σ   and hardening parameters ζ. 'σ   and ζ can be calculated 98 

following the Newton-Raphson procedure. The MK-AS shows more rigorous procedures than 99 
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OK-AS and can be applied in this study. Besides, different from Wang et al. (2022), the implicit 100 

integration scheme (i.e., θ = 1) is used in this study, with the advantages of high accuracy, 101 

robust integration and unconditional stability of the implicit algorithm (Yin et al., 2019, Zhang 102 

et al., 2022). Substepping parameters k is set to 0.01. The convergence criterion TOL is given 103 

as 0.001, which is considered appropriate for most engineering calculations (Solan 1987, Feng 104 

2016). 105 

 106 

Fig. 1 Modified Katona Algorithm with adaptive substepping procedure. 107 
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3. Numerical model for negative skin friction 108 

3.1 Brief introduction of Field test 109 

Indraratna et al. (1992) carried out a field test in stratified soils to investigate the 110 

development of NSF in driven piles and settlement of the soil surface after the construction of 111 

an embankment. The test site was located in Bangkok city. The sub-soils were mainly thick 112 

layered marine clay, including a weathered clay layer with a thickness of approximately 2-4 m, 113 

a thick soft clay layer with a thickness of approximately 16 m, a medium stiff to still clay layer 114 

with a thickness of about 6-8 m and then following the sand layer. The groundwater table was 115 

located at 1.5-2 m below the original ground surface. The soft clay was slightly over 116 

consolidated whereas the top layer of soil had an overconsolidation ratio (OCR) of 3. Through 117 

the field investigation, the coefficient of earth pressure ranged from 0.6 to 0.75.  118 

Two types of instrumented piles, coated pile (pile treated with bitumen coated thin layer) 119 

and uncoated pile (pile without bitumen coated thin layer), were tested. The length of the piles 120 

was 27 m, while the outer and inner diameters of the piles were 0.4 and 0.25 m, respectively. 121 

After the piles were installed by drop hammer, there remained 2 m of pile length above the 122 

ground surface. Then an embankment of 2 m height was built within 3 days. The long-term 123 

monitoring of ground surface settlement and pile axial loading was performed for 265 days. 124 

3.2 Model parameters  125 

In the field test, the distance between the two tested piles is 10 m (25 times of pile diameter), 126 

which is large enough to ignore the pile group effect and boundary effect (Liang et al., 2021). 127 
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Therefore, the single pile-soil interaction model is considered as two-dimensional 128 

axisymmetric. The sketch and mesh detail of the verification model is shown in Fig. 2. The 129 

size of the model is 10 m × 42 m. The minimum distance from the pile to the boundary is more 130 

than 10 times the pile diameter, which is considered large enough to reduce the boundary effect 131 

(Sun et al., 2015). The four-node bilinear axis-symmetric finite elements (CAX4 for pile, 132 

embankment and soil above the groundwater level; CAX4P for soil under the groundwater 133 

level, which is assumed to be fully saturated) are adopted in mechanical-flow coupled 134 

consolidation analysis (Dassault Systemes, 2020). The mesh is denser near the pile and coarser 135 

far away from the pile to avoid the influence of the stress concentration and enhance the 136 

calculation efficiency. The vertical boundary on the left side is the symmetrical line, the roller 137 

boundary and the fixed boundary are applied on the side and bottom of the model, respectively. 138 

To simplify the field case, pile is assumed wished-in-place rather than being driven (Lee et al., 139 

2002; Hanna et al., 2006; Yan et al., 2012; Liu et al., 2012; Sun et al., 2015; Chiou et al., 2021). 140 

The friction behaviour between soil and pile follows the Coulomb friction law, in which 141 

the shear stress is proportional to the relative shear displacement; additionally, the shear stress 142 

becomes stable after reaching the threshold displacement. The two governed parameters, are 143 

the frictional parameter, μ=0.3, estimated by μ=tan(2/3φc) where soil effective friction angle is, 144 

φc=25°, and threshold displacement, δ=3 mm, which are adopted following Lee et al. (2002) 145 

and Yan et al. (2012). 146 

In the original Coulomb friction model in ABAQUS, the normal stress was the total stress 147 

rather than effective stress, even in fluid-coupled cases (Yan et al., 2012). Therefore, a modified 148 
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Coulomb friction model considering effective stress as normal stress is developed using the 149 

user subroutine, FRIC, following Yan et al. (2012) and ABAQUS Manual (Dassault Systemes, 150 

2020). In the model verification procedure, the geostatic step is calculated first to generate the 151 

initial stress of each stratum. After the geostatic equilibrium, the embankment is activated and 152 

applied on the top of ground surface in mechanical-consolidation coupled analysis step. Then 153 

the excess pore pressure will dissipate within the assigned time period in the consolidation 154 

stage. The drainage boundaries are placed at the ground water table and the top of the sand 155 

layer. 156 

 157 

Fig. 2 Sketch and mesh detail of the verification model (4525 elements for soil, 272 elements for pile and 158 
330 elements for embankment). 159 



10 

 

The isotropic linear elastic model is applied for modelling the embankment, pile and end 160 

bearing sand layer. A solid pile rather than a hollow pile is used, the equilibrium elastic modulus 161 

of the solid pile is calculated to maintain the same axial rigidity compared with the hollow pile. 162 

The ANICREEP model is used for capturing the creep behaviour of soft soil. Compared with 163 

the modified Cam Clay model used in the previous studies (Chiou and Wei, 2021; Indraratna 164 

et al., 1992; Liu et al., 2012; Yan et al., 2012), the additional parameters, such as creep 165 

coefficient Cαe, initial bonding ratio χ0, absolute rate of bond degradation ξ, relative rate of 166 

bond degradation ξd, need to be determined in the ANICREEP model. According to Yin et al. 167 

(2011), the initial bonding ratio χ0 can be obtained by the oedometer test or shear vane test 168 

between the undisturbed and remolded soil; the absolute rate of bond degradation ξ and relative 169 

rate of bond degradation ξd can be determined based on the curve fitting from one-dimensional 170 

and isotropic compression test. The detailed explanation is given in Appendix. A. It is 171 

noteworthy that the soil structure has pronounced effect on the development of NSF. It has been 172 

proved that the increasing of the soil initial bonding amount decreases the shaft friction of the 173 

pile (Li and Li, 2021). Since the structure of clays in the selected case study was not reported, 174 

and additionally, the field soil can be generally estimated as a type of slightly structured soil 175 

(Horpibulsuk et al., 2007), it is reasonable to ignore the interparticle bonding and debonding 176 

effects in simulations. 177 

Cαe is the key parameter for the applicability of elasto-viscoplastic constitutive model in 178 

practical engineering, which can be determined by the oedometer test. However, Cαe was not 179 

reported for the studied case as well. Some empirical correlations between Cαe and the physical 180 
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properties of soft soils (such as void ratio, water content, plastic limit and liquid limit) have 181 

been proposed in previous research (Nakase and Kamei, 1986; Suneel et al., 2008; Yin, 1999; 182 

Zhu et al., 2016). The empirical equations for Cαe were for reconstituted clay instead of intact 183 

clay; hence, the destruction effect on creep was excluded and could be better applicated to 184 

engineering practice (Mesri and Godlewski, 1977; Yin and Karstunen, 2011). Notably, these 185 

empirical equations are only appropriate to a few specific clays. Through the evolutionary 186 

polynomial regression method, Jin et al. (2019) found that Cαe to be highly correlated with void 187 

ratio, plasticity index and liquid limit, and put forward a reliable method to predict the Cαe. 188 

This method is applied in this study, as shown in Eq. (3): 189 

   (3) 190 

where e is the void ratio, Ip is the plasticity index and wL is the liquid limit.  191 

Other parameters, such as the saturated unit weight γ, swelling index κ, compression index 192 

λ, slope of critical state line in p′-q (mean effective stress - deviatoric stress) plane M, elastic 193 

modulus E are the same as those adopted by Indraratna et al. (1992). The overconsolidation 194 

ratio OCR, coefficient of earth pressure K0, Poisson’s ratio v, initial void ratio e0 are obtained 195 

based on the interpretation of field measured data in Indraratna et al. (1992). Noted that Yan et 196 

al. (2012) and Chiou and Wei (2021) enlarged the permeability coefficients, k, 10 times larger 197 

than the data from ground measurement to better fit the field test result, due to the limitations 198 

of drainage condition in the site and inhomogeneity of soil. Thus, the same k is adopted in this 199 

study. The details of parameters for the verification case are summarized in Table 1.  200 
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 201 

Table 1 Summary of parameters for verification case study. 202 

Material type 
Depth 
m 

γ 
kN/m3 

κ λ M e0 
k (10-4) 
m/day 

OCR K0 v Cαe 
E 
kN/m2 

Soil             

Embankment -2-0 16.7 - - - - - - 0.4 0.2 - 4900 

Weather clay 
(moist) 

0-2 16.7 0.053 0.182 1.05 1.54 - 2.7 0.7 0.33 0.01 - 

Weather clay 
(saturated) 

2-4 16.7 0.053 0.182 1.05 1.54 67.6 2.7 0.7 0.33 0.01 - 

Soft clay 1 4-10 14.7 0.084 0.514 0.97 2.46 5.5 1.2 0.6 0.33 0.021 - 

Soft clay 2 10-20 16.7 0.063 0.323 0.98 1.55 2.63 1.3 0.6 0.33 0.007 - 

Medium to stiff 
clay 

20-28 18.6 0.027 0.116 0.9 1.2 3.72 1.8 0.67 0.33 0.004 - 

Sand 28-40 19.1 - - - - 67.6 - 0.45 0.33 - 27440 

Pile             

Pile -2-25 14.7 - - - -    0.33 - 30×106 

3.3 Validation results 203 

The finite element calculation results of the uncoated pile are compared with the field test 204 

data. Fig. 3(a) offers a comparison between the observed settlement and the simulated 205 

settlement of soils. The measured distance is 0.25 m away from the pile center line. The 206 

numerical results can well predict the soil settlement with time after applied surcharge load. 207 

The settlement of each depth continues to increase with consolidation and soil creep. However, 208 

Yan et al. (2012) ’s simulation results underestimated the soil settlement after consolidation for 209 

50 days, the difference between the calculated and field obtained settlement also increased with 210 

time, owing to the exclusion from consideration of the creep deformation. Accordingly, the 211 

creep effect must be taken into account in the long-term settlement analysis of soft soil.  212 

The development of pile axial force at various times after embankment construction (i.e., 213 

3, 25, 156 and 256 days) is shown in Fig. 3(b) along with monitored data. The calculated axial 214 
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force is in general agreement with the overall time-varying trend of field data, except for some 215 

discrepancies. The axial force increases with the proceeding of consolidation as expected. Fig. 216 

3(c) reveals the varying tendency of unit skin friction along the pile shaft obtained from axial 217 

force with elapsed time. The compared field data of unit skin friction is only displayed after 218 

265 days of embankment load. In the figure, the NSF and positive skin friction (PSF) indicate 219 

the downward and upward friction direction, respectively. With the increase of consolidation 220 

degree, the PSF gradually reverses to NSF around the pile head due to the increase in relative 221 

displacement. The PSF also increases with time around the pile toe because of the pile 222 

settlement induced by down drag. The NSF (or PSF) is small near the NP due to the small 223 

relative displacement and the skin friction is not totally mobilised (i.e., the relative 224 

displacement is within 3 mm). The NP moves downward and then locates at approximately 18 225 

m below the original ground surface, which is quite similar to the field measured position. 226 

 227 
(a) 228 
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 229 
(b) 230 

 231 
(c) 232 

Fig. 3 Calculated results of the verification model compared with field measure data: (a) soil ground 233 
settlement; (b) axial force; (c) negative skin friction (‘d’ represents days). 234 

3.4 Model for parametric analysis 235 

According to the comparison results discussed previously, the established verification 236 

model is able to capture the growing trend of NSF and soil settlement. Thus, further 237 

investigation of the creep effect on NSF, is pursued by building a simplified numerical model 238 

for parametric analysis, as shown in Fig. 4. Following the same modelling approach, the ground 239 

water table is located at the ground level. The solid pile with the diameter of 0.4 m and the 240 
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length of 25 m is fully embedded in the consolidating layer. The bearing layer is 5 m high with 241 

the same soil property as the consolidating layer. The ANICREEP model is applied in both 242 

consolidating and bearing layers. Table 2 summarizes the parameters of the pile and soil layer. 243 

 244 

 245 

Fig. 4 Sketch and mesh for the parametric study model. 246 

Table 2 Parameters of soft clay and pile in parametric analysis model. 247 
Material 
type  

Depth 
m 

γ 
kN/m3 

κ λ M e0 
k (10-4) 
m/day 

OCR K0 v Cαe 
E 
kN/m2  

Soil             

Soft clay  0-30 16.7 0.063 0.323 0.98 1.55 9 1 0.6 0.3 0.01 - 

Pile             

Pile 0-25 14.7 - - - -       0.3 - 30×106 

Unless otherwise stated, parameters and analysis steps in the parametrical model are the 248 

same as aforementioned validation model. The friction coefficient, μ=0.3 and the threshold 249 

displacement, δ=3 mm are applied in the soil-pile interaction behaviour. The drainage boundary 250 
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is set at the ground surface. The embankment load of 34 kPa is applied within 3 days. The 251 

consolidation process starts after the application of the surcharge load.  252 

Taking the massive experimental data collected by Jin et al. (2019), the relationship 253 

between the creep coefficient, Cαe, and void ratio, e, of various types of clay is plotted in Fig. 254 

5. The Cαe is ranged from 0.001 to 0.02, except from some scattered data up to 0.023. In the 255 

parametric analysis part, the benchmark value of Cαe can be adopted as 0.01, estimated by the 256 

average Cαe of each clay layer in the verification case study. Comparing with the benchmark 257 

value, Cαe =0.001 and Cαe =0.02, represent the lower and higher creep effect, respectively, 258 

elicited from Fig. 5. 259 

 260 

Fig. 5 Creep coefficient of various clays. 261 

Due to the convergence problem during calculation, a very low value (i.e., 1% of the 262 

benchmark Cαe) of Cαe is considered as the case without creep rather than directly setting Cαe = 263 
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0 following Wu et al. (2020). For comparison, the Cαe = 0.00001 (0.1% of the benchmark Cαe) 264 

is selected to conduct the sensitivity analysis to verify the reliability of the no creep condition. 265 

Table 3 Values of creep coefficient. 266 

Influencing parameter Value 

Creep coefficient, Cαe 0.00001 (sensitivity analysis), 0.0001 (no creep), 0.001, 0.01 (benchmark), 0.02 

 267 

4. Parametric analysis results 268 

4.1 Creep effect on settlement 269 

The development of ground settlement at point A (1m away from pile center line) with 270 

time is shown in Fig. 6. The larger settlement is observed under higher creep effect, as expected. 271 

The settlement exceeds 3.7 m when Cαe = 0.02, which is more than triple the results calculated 272 

without creep. In addition, the relationship between vertical strain εyy and vertical effective 273 

stress (log scale) log𝜎௬௬
ᇱ  at point A with various Cαe is also depicted in Fig. 7. The creep effect 274 

is observed compared with no creep. Greater Cαe, is associated with a higher creep strain rate, 275 

resulting in a more significant creep behaviour. Two tangent lines are utilized in Fig. 6 to 276 

estimate the consolidation rate following Casagrande’s method (Casagrande, 1936). As the 277 

figure demonstrates, consolidation rate of soft soil layer decreases with the increase of Cαe. 278 

Furthermore, it should be noted that this method is used to reflect the creep effect on 279 

consolidation rate rather than indicating the time when creep occurred. Through the sensitivity 280 

analysis, it concludes that Cαe =0.0001 (1% of the benchmark Cαe) has the same results 281 

compared with Cαe =0.00001 (0.1% of the benchmark Cαe), indicating that a further reduction 282 
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in creep coefficient does not affect the settlement results. Therefore, it is reasonable to choose 283 

the 1% of benchmark Cαe to represent the no creep condition. 284 

 285 
Fig. 6 Development of ground settlement with various creep parameters versus time (No creep: 1% of the 286 

benchmark Cαe). 287 

 288 

Fig. 7 The relationship between vertical strain εyy and vertical effective stress 𝐥𝐨𝐠𝝈𝒛
ᇱ  with various Cαe. 289 

4.2 Creep effect on excess pore pressure 290 
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Point B in Fig. 4 is selected to observe the change in excess pore pressure ( u ). Fig. 8 291 

reflects the calculation results of u   over time with and without creep. There shows a 292 

significant increase in u  after the end of embankment load due to the creep effect compared 293 

with the calculation results excluding creep. This increase in u  is due to the drainage of water 294 

from micropores in the microstructure into the macrostructure (Yin et al., 1994). As for the 295 

higher creep case, when consolidation begins, increasing rate of u   induced by plastic 296 

volumetric strain on account of creep effect is higher than the decreasing rate of u  due to 297 

dissipation, and hence the u  shows the increasing trend. When the creep induced increasing 298 

rate of u  is lower than the decreasing rate of u  during the consolidation process, the u  299 

reaches the peak value and then gradually decreases until being totally dissipated.  300 

 301 

Fig. 8 The changing of excess pore pressure over time at point B. 302 

4.3 Creep effect on negative skin friction 303 

The creep effect on the development of drag load and skin friction along the pile with 304 

consolidation time up to 50 years is investigated and the results are presented in Fig. 9. As 305 
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expected, with the increasing of consolidation time, the drag load and NSF continue increasing 306 

and a higher drag load is observed with a greater creep coefficient. The fully mobilised NSF 307 

reveals the approximately linear variation with depth on account of the linear increase in 308 

vertical effective stress in this study. 309 

 310 
(a) No creep 311 

 312 
(b) Cαe=0.001 313 
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 314 
(c) Cαe=0.01 315 

 316 
(d) Cαe=0.02 317 

Fig. 9 Distribution of drag load and negative skin friction with time: (a) no creep; (b) Cαe=0.001; (c) 318 
Cαe=0.01; (d) Cαe=0.02. (‘d’ and ‘y’ represent days and years, respectively). 319 

In order to study the creep effect on NSF with consolidation, the dimensionless time TUc 320 

is used, in which the subscript Uc represents the degree of consolidation. For example, TUc=1 321 

indicates the time when primary consolidation (Uc=100%) is reached. When 0≤TUc≤1 322 

denotes the time period in primary consolidation, TUc>1 indicates the time in “secondary 323 

consolidation”. A relationship between the normalized drag load P/PTuc=1 and TUc with or 324 

without creep is established, as shown in Fig. 10, where P denotes the drag load at the NP, 325 

PTuc=1 signifies the drag load after full dissipation of excess pore pressure. 326 
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 327 

Fig. 10 Changing of drag load with consolidation degree with or without creep. 328 

For the case where the creep effect is ignored, the drag load, P increases with time during 329 

the primary consolidation and then becomes stable. Whereas, for the cases considering creep, 330 

there will still be an increase in P due to the on-going settlement caused by creep. At the initial 331 

stage of consolidation, higher P is observed with the increase of creep coefficient. During the 332 

middle period of consolidation, the lower increasing rate of P is observed compared with no 333 

creep case, as well as a significant delay in P increment with higher creep effect. This 334 

phenomenon is mainly attributed to the creep induced excess pore pressure as explained in the 335 

previous section, which decreased the effective stress around the pile. According to the 336 

Coulomb friction interface model adopted in this study, the decrease of normal contact effective 337 

stress reduces the shear force at clay-pile interface. At the later period of consolidation, a higher 338 

increasing rate of P re-appears with a higher creep coefficient. 339 

In practice, the effective stress related β method (Burland, 1973; Johannessen and Bjerrum, 340 
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1965) can be used to calculate the skin friction along the pile as follows: 341 

s vf           (4) 342 

where fs is the shaft friction and 𝜎୴
ᇱ  is the effective vertical stress. The drag load at the NP can 343 

be calculated based on the following equation: 344 

NP

drag, NP 0

L

sP D f dz         (5) 345 

where LNP and D are the depth of the NP and the pile diameter, respectively. Therefore, the 346 

back-analyzed β can be calculated during the primary and secondary consolidation periods. 347 

Fig. 11 illustrates the development of the dimensionless β value (β/βTuc=1, no creep) where 348 

βTuc=1, no creep is the back-calculated value after primary consolidation ignoring creep. At the 349 

beginning of consolidation, the no creep case shows the higher β value compared with creep 350 

cases because of the lower descending rate of the NP, where the effective stress is relatively 351 

low. With the development of consolidation, the β value increases until the end of primary 352 

consolidation. Similar findings were reported in both field tests (Hong et al., 2015; Indraratna 353 

et al., 1992) and centrifuge tests (Lam et al., 2013; Ng et al., 2008). When considering creep, a 354 

higher dimensionless β value is obtained, which increases to 1.05 after primary consolidation 355 

and to 1.13 when Tuc=10 for the case with the biggest creep coefficient. 356 
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 357 

Fig. 11 Change in drag load with consolidation degree with or without creep. 358 

4.4 Creep effect on neutral plane 359 

The position of NP describes the depth where soil and pile settle equally, which is also the 360 

location where the maximum drag load is generated along the pile. The variation of NP position 361 

with consolidation time is inferred from skin friction as shown in Fig. 12. For convenience, the 362 

NP depth is expressed as normalized depth LNP/L0, where the LNP is the depth from the NP to 363 

the soil surface, L0 is the pile embedded length. Observably, following the full dissipation of 364 

excess pore pressure, the NP position is stable in both the no creep and creep cases. Therefore, 365 

in the results, the study focused on NP variation in primary consolidation.  366 

The variation tendency of NP position can be generally divided into two phases, namely 367 

Phase 1 and Phase 2. For the no creep case, in Phase 1, there is an upward trend in LNP/L0, the 368 

value of which reaches 0.64 within 10% degree of primary consolidation. In Phase 2, the value 369 

of LNP/L0 shows steady upward, which rises to 0.70 at the final stage. For the creep cases, a 370 
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sharp increase in the NP position at the initial time can be found in Phase 1. The inflection time 371 

Tuc,s (the definition is shown in Fig. 13 and will be discussed later) also shows a great decrease 372 

with higher creep effect. In Phase 2, NP is much closer to a steady state but demonstrates a 373 

slight increase with time. Furthermore, an increase in creep coefficient shifts NP slightly 374 

downward. 375 

For comparison, theoretical predictions of NP position based on different methods from 376 

the literature are presented in Fig. 12. Alonso et al. (1984) developed a stress-transfer method 377 

to describe the interaction behaviour between the pile and soil induced by NSF. The design 378 

chart for NP position with various conditions is proposed. The NP is located at LNP/L0=0.7, 379 

with zero pile toe resistance and no pile head loading. NAVFAC (1986) suggested that the value 380 

of LNP/L0 can be estimated as 0.75 if there is no available test data. Bowles (1988) presented a 381 

simple design method to locate the NP considering the surcharge load. The calculated NP is 382 

about 0.67. The Chinese national standard provided the empirical value for the NP in the light 383 

of pile tip surrounding soil. The suggested NP location LNP/L0 is 0.5-0.6 for the pile-tip soil in 384 

clay or silt. 385 
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 386 

Fig. 12 Relationship between the neutral plane position with time. 387 

It can be seen that the result provided by Alonso et al. (1984) shows consistency with the 388 

NP position ignoring creep, although it is a special case that neglects the toe resistance 389 

mobilization. Other empirical methods have yielded either overestimated or underestimated 390 

results, implying that these methods are uneconomical and conservative. These methods also 391 

failed to consider the time dependence of the NP. To address this issue, the exponential function 392 

to describe the variation of NP position with time was proposed by Zhang et al. (2022) and 393 

validated by field monitoring results. The prediction results show a higher correlation 394 

relationship compared with the hyperbolic model provided Cao et al. (2014). Therefore, the 395 

improved exponential function is applied to analyze the creep effect on the NP position, as 396 

shown below: 397 

 NP

0

1
b

uckTL
a e

L
         (6) 398 

where LNP/L0 and Tuc are the normalized NP position and consolidation time as mentioned 399 
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above; meanwhile, a, b and k are the fitting controlling factors, where a is the NP value at the 400 

steady state, k and b control the variation rate of the NP. Based on the variation rate of NP, 401 

Phase 1 and Phase 2 can be divided by Tuc,s, where θ is half of the angle composed by the 402 

intersection of asymptotic line at the initial and end of the fitting curve, as shown in Fig. 13. 403 

 404 

Fig. 13 Exponential prediction model for NP position. 405 

Fig. 14 reveals the fitting results of the exponential model, as well as the fitting parameters 406 

and correlation coefficient, R2. The adopted model is able to accurately predict the NP position 407 

with time considering creep. Nevertheless, these fitting parameters are controlled by site 408 

conditions, such as surcharge load, pile head loading, the properties of consolidation, end 409 

bearing layer, creep effect, pile size and pile-soil interface friction, etc.. Furthermore, the site 410 

condition varies from one project to another. Future work is needed to find a more sophisticated 411 

method to consider the coupling effect of all influencing parameters. 412 
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 413 

Fig. 14 Fitting results of the exponential model. 414 

5. Conclusions 415 

In this study, an elasto-viscoplastic model adopting an enhanced time integration 416 

algorithm with higher calculation robustness was successfully implemented into ABAQUS 417 

through user subroutine UMAT. This model was firstly employed to simulate a known field 418 

test with the verification. Then, an in-depth investigation of the creep effect on the NSF and 419 

NP in the primary and secondary consolidation period was thoughtfully conducted. The 420 

resulting detailed findings and conclusions are drawn as follows: 421 

(1) When compared with the non-creep case, it shows a higher drag load as well as back-422 

calculated β value after primary consolidation when considering creep, because more soil 423 

settlement results in higher relative displacement between the soil and pile, which further 424 

mobilizing the NSF. 425 

(2) The creep induced delay trend on drag load is observed with higher creep effect during 426 
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primary consolidation procedure. In line with the Coulomb-friction interface law, the skin 427 

friction is proportional to normal effective stress, and therefore, the generation of extra 428 

excess pore pressure caused by creep deformation impedes the development of effective 429 

stress in the clay-pile interface, leading to the lower drag load. 430 

(3) The value of normalized NP position (LNP/L0) starts at 0 and increases to around 0.7 after 431 

consolidation when ignoring creep, which is similar to the special case calculated by 432 

Alonso et al. (1984). The location of NP moves downward when considering creep, though 433 

a limited downward trend is observed as the increasing of creep effect. A sharp descent of 434 

the NP position can be observed at the beginning of consolidation at a higher level of creep 435 

effect of the surrounding soil. 436 

(4) The current empirical formula can neither predict the NP position well nor consider its time 437 

dependency. In contrast, an improved exponential prediction model with three controlling 438 

parameters is presented and applied to predict the variation of NP position with time 439 

considering creep effect. 440 

In this study, the pile driven procedure is ignored. Pile driven causes significant 441 

disturbance within the soil around the pile shaft, which leads to the changes of stress state in 442 

the surrounding soil. The generation of the excess porewater pressure during pile penetration 443 

may take long time to entirely dissipate. Further study will be conducted in the future to analyze 444 

the pile driven effect to properly apply these findings into field driven piles.  445 
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Appendix A: Brief introduction of ANICREEP model 457 

 Based on Yin et al. (2011), the main constitutive equations are listed as follows (Fig. A1): 458 

e vp
ij ij ij        (A1) 459 

d
vp m d
ij r

m ij

p f

p



 


  
    

   (A2) 460 
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M p

   

 

    
   

   
 

                                       (A3) 461 

3

4 3
vp vpd d

d d v d d dd d d
p p

       
    

            
 (A4) 462 

 1r
m mip p    (A5) 463 

01 vp
mi mi v

i

e
dp p d

 
 

   
  (A6) 464 

 vp vp
v d dd d d         (A7) 465 

where ij
  denotes the (i , j) component of the total strain rate tensor, and the superscripts e and 466 

vp represent, respectively, the elastic and the viscoplastic components. The pm
d is the size of 467 

the dynamic loading surface. The pm
r and pmi are the size of the reference and the intrinsic yield 468 

surfaces respectively. The initial reference preconsolidation pressure 0
r

p   obtained from an 469 

oedometer test can be used as an input to calculate the initial size pm0 using Eq.(A3). 470 

The slope of the critical state line M is expressed as follows: 471 

 

1

44

4 4

2

1 1 sin3
c

c
M M

c c 

 
 
    

  (A8) 472 

where    3 sin 3 sinc cc      according to the Mohr-Coulomb yield criterion (c is the 473 

friction angle);    1 3/2
3 2/ 6 1 / 3 sin 3 3 / 2 / 6J J       using  2 1/ 2 :ij ijJ s s , 474 

 3 1/3 ij jk kiJ s s s  with ij d ds p    . 475 

Soil constants and state variables are summarized in Table A1 with their recommended 476 
methods of determination. 477 
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 478 

Fig. A1 Definitions for the model in (a) p'- q space; and (b) one-dimensional compression condition 479 

Table A1. State parameters and soil constants of elastic viscoplastic model 480 

Group Parameter Definition Determination 

Modified Cam Clay 
parameters 

0
r

p  Initial reference preconsolidation pressure 
From a selected oedometer test whose loading-

rate is used as reference strain-rate 

0e  Initial void ratio (state parameter) From oedometer test 

’ Poisson’s ratio 
From initial part of stress-strain curve (Typically 

varying from 0.15 to 0.35) 

  Slope of the swelling line From 1D or isotropic consolidation test 

 i   Intrinsic slope of the compression line From 1D or isotropic consolidation test 

M  Slope of the critical state line From triaxial shear test 

Anisotropy 
parameters 

0  
Initial anisotropy (state parameter for 
calculating initial components of the 

fabric tensor) 

2 2
0

0 0 0 3
K

K K

M    
    with 0

3

6K

M

M
 


 

 Absolute rate of yield surface rotation  
2

0 0
2

0

1 10 2
ln

2
c K d

i c K d

e M

M

 
   
 


 

 

Destructuration 
parameters 

0  Initial bonding ratio 
0 1tS    (from shear vane test), or 

0 0 0 1p pi      (from oedometer tests) 

  Absolute rate of bond degradation From consolidation tests with two different 
stress ratios =q/p’, e.g. oedometer test and 

isotropic consolidation test 
d  Relative rate of bond degradation 

Viscosity parameters eiC  Secondary compression coefficient 
From 24h oedometer test on reconstituted 

sample 

Hydraulic 
parameters 

kv0, kh0 
Initial vertical and horizontal 

permeability 
From oedometer tests 

ck Permeability coefficient From curve e-log(k) 

  481 
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1

1
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Appendix B: Brief introduction of Original Katona algorithm with adaptive 482 

substepping 483 

In one loading step with strain increment ε  ( n 1= n ε ε ε  ) and time increment t  484 

( 1n nt t t   ), where the n denotes the number of loading steps, the effective stress increment 485 

'σ  and hardening parameter Δζ of the ANICREEP model can be expressed as: 486 

' ( )vp   σ D ε ε         (B1) 487 

  ζ h           (B2) 488 
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h

σ σ
α α

  (B4) 490 

where 
'σ   and ε   are the stress and strain vectors respectively, can be expressed as 491 

' ' ' '[ , , , , , ]T
x y z xy yz zx     σ   and [ , , , , , ]T

x y z xy yz zx     ε  , 
vpε   are the elasto-viscoplastic 492 

strain increment vectors, D is the elastic matrix, Δλ is the viscoplastic multiplier. 493 

In order to apply the ANICREEP model into the finite element software, the step-by-step 494 

time integration scheme proposed by Katona (1984) is used, the time dependent strain 495 

increment is determined by: 496 

0(1 )vp vp vpt         ε ε ε      (B5) 497 

where 0
vpε   are the known viscoplastic strain vectors, t   is the time increment, θ is the 498 

adjustable integration parameter, in the range from 0≤θ≤1, when θ=0 is the full explicit 499 
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method, 0<θ<1 is the semi-implicit method, when θ=1 is the implicit method. Submitting Eq. 500 

(B1) into Eq. (B5), the equation could be rearranged as: 501 

'
0( ,  )vp P σ ε Q          (B6)  502 

where                                                                                                                503 

1 '

1 '
0 0(1 )
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

     

P D σ ε

Q ε ε D σ




     (B7)  504 

The flow chart of original Katona algorithm with adaptive substepping (OK-AS) is shown 505 

in Fig. B1, where the TOL represents the convergence criterion used to judge iterative 506 

convergence and the superscript i denotes the ith iteration. 507 
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 508 

Fig. B1 Flow chart of original Katona algorithm with adaptive substepping procedure 509 

510 
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