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ABSTRACT 32 

The variable compressibility is necessary to be considered in settlement calculation of soft 33 

soil stratums, especially for thick soil layers. In this study, to calculate the consolidation 34 

settlement of a thick soil layer with creep, a new simplified method is presented using Zhu 35 

and Yin method (2012) to consider the nonlinear compressibility. The creep settlement during 36 

the consolidation stage is calculated, examined, and discussed for the thick soil layer. In the 37 

new simplified method, α is an important parameter to approximately consider the couple of 38 

consolidation and creep. It is found that the value of α in the new simplified method is a 39 

variable and is suggested to take α =Uz as a simplification. A series of cases including 40 

different thicknesses of soil stratums, different OCR values, different surcharge loadings, and 41 

different values of creep parameter are studied to verify the new simplified method by 42 

comparing our calculated values with the finite element simulated results. Subsequently, a 43 

typical and well-known Väsby test fill project with 50 years’ measured data is selected as a 44 

thick soil layer example to illustrate the feasibility of the new simplified method to be used in 45 

practice. Both the new simplified method and finite element modelling are used to obtain the 46 

ground settlements. It is found from the comparison that the calculated results from the new 47 

simplified method and the FE modelling are in good agreement with the measured data. 48 
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Introduction 53 

In general, the elastic visco-plastic (EVP) constitutive modelling is the most suitable 54 

modelling approach to describe the general stress–strain–time relationship of clayey soils 55 

(Bjerrum 1967; Yin and Graham 1996, 1999; Yin et al. 2010, 2011; Feng et al. 2017). 56 

Numerous researchers have attempted to calculate consolidation settlements of soft soil 57 

ground by using different EVP models (Qu et al. 2010; Yin et al. 2008; Yin and Karstunen 58 

2008; Yin et al. 2011). However, the numerical methods, such as the finite difference method 59 

or the finite element (FE) method, must be adopted to solve a highly nonlinear partial 60 

differential consolidation equation system. 61 

The consolidation of clayey soils is directly affected by soil compressibility. In Terzaghi’s 62 

theory, the stress–strain relationship of soils is linear, resulting that soil compressibility is a 63 

constant in the vertical direction. However, the compressibility of soft soils is closely related 64 

to the initial and final effective stresses along the depth (Davis and Raymond 1965; Gibson et 65 

al. 1967; Poskitt 1969; Hawley and Borin 1973; Abbasi et al. 2007; Abuel-Naga and Pender 66 

2012; Abuel-Naga et al. 2015; Wu et al. 2016). Due to the stress history and geological 67 

process, the initial effective stress and pre-consolidation pressure normally increase with 68 

depth in the field, thus, the soil compressibility varies with depth of the soft soil layer 69 

nonlinearly when the ground is subjected to an external loading (Craig 2004). Olson and Ladd 70 

(1979) studied the consolidation performance of different nonlinear 'log ze   relationships 71 



(e is the void ratio and '
z  is the vertical effective stress). They found that the nonlinear 72 

compressibility has an unneglectable influence on the consolidation process of soils. Duncan 73 

(1993) pointed out the limitations of the conventional consolidation analysis and stated that 74 

the nonuniform strain profile in the field plays an important role in the predicted settlement 75 

based on the experiences of San Francisco Bay Island and Kansai International Airport. 76 

Subsequently, researchers such as Menéndez et al. (2010), Abuel-Naga and Pender (2012), 77 

Brandenberg (2016), Wu et al. (2016), Pu et al. (2018a, 2018b), Li et al. (2018), Liu et al. 78 

(2018) focus on this challenging area and make meaningful achievements. Therefore, the 79 

variable compressibility of soft soils is necessary to be considered in settlement calculation of 80 

soft soil layers, especially for thick soil layers. 81 

Ladd et al. (1977) raised a fundamental question whether creep occurs during the primary 82 

consolidation for a thick soil stratum. Many researchers advocated that the creep rate is only 83 

related to the current effective stress and strain state (Den Haan 1996; Yin and Graham 1996; 84 

Vermeer and Neher 1999; Kim and Leroueil 2001; Nash and Ryde 2001; Grimstad and 85 

Degago 2010; Nash 2010; Degago et al. 2011). They used Hypothesis B method to consider 86 

creep settlement occurred in both “primary” consolidation and “secondary” consolidation. On 87 

the contrary, some researchers supported that the creep occurs after the consolidation in both 88 

laboratory and field conditions (Mesri and Choi 1985; Mesri and Vardhanabhuti 2006) and 89 

used Hypothesis A method for consolidation–creep calculation. Degago et al. (2011) reviewed 90 



the experimental investigations from previous literatures critically to access the creep during 91 

the consolidation phase. He concluded that the measured time-dependent compression of 92 

clays has a good agreement with Hypothesis B. In Hypothesis B, a lot of researchers have 93 

conducted numerous studies to investigate the coupling of creep and consolidation in 94 

one-dimensional (1-D) straining condition. The measured data of soft soils in the field 95 

demonstrated that the excess pore water pressure increases up to that higher than the external 96 

loading initially, subsequently, it starts to decrease (Becker et al. 1985; Kabbaj et al. 1988). 97 

Yin et al. (1994) first incorporated an EVP constitutive model into the consolidation 98 

equations and successfully simulated the response of excess pore water pressure, which is the 99 

phenomenon observed in the field. Subsequently, Yin and Graham (1996) simulated the 1-D 100 

consolidation and excess pore water pressure in clayey soils with the EVP constitutive model 101 

by using the finite difference method. Yin and Zhu (1999) found that the increase of excess 102 

pore water pressure in clays under 1-D straining condition is caused by creep compression. 103 

Stolle et al. (1999) presented a nonlinear consolidation model accounting for the “secondary” 104 

compression and identified that the normalized excess pressure of the thicker layer is larger 105 

than 1. Yuan and Whittle (2013) examined the performance of 1-D consolidation using the 106 

soft soil creep (SSC) model and isotache constitutive model proposed by Imai (1995). They 107 

explained that increase of excess pore water pressure in the consolidation stage is due to the 108 

inconsistency between the total strain rate and visco-plastic strain rate. Yuan and Whittle 109 



(2018) proposed a new formulation for elasto-viscoplastic model by introducing an internal 110 

state variable to describe the time-dependent compression of clayey soils. The increase of 111 

excess pore water pressure in the consolidation phase is also modelled for the high value of 112 

new state variable, ( aR ). Therefore, the creep compression is not simply displayed in the total 113 

settlement, it is also reserved in the excess pore water pressure and expressed as the total 114 

settlement gradually in the coupling of the creep and consolidation. 115 

Recently, a new simplified Hypothesis B method was proposed and validated for the 116 

calculation of consolidation settlement of soft soil layers following the EVP constitutive 117 

relationship and “equivalent time” concept (Yin and Feng 2017). In this new simplified 118 

method, Uz is defined as the average degree of consolidation, indicating the dissipation of the 119 

excess pore water pressure of the total soil layer. Uz is calculated using the empirical 120 

equations of Terzaghi’s theory for one-layered soil and Zhu and Yin method (1999) for 121 

double-layered soil. The coefficient of volume compressibility mv is taken as a constant (the 122 

average value of the sublayers’ volume compressibility) in the calculation. The creep 123 

settlement is calculated by introducing a parameter   with a constant value in the 124 

calculation to approximately consider the coupling of the creep and consolidation. However, 125 

there is a deficiency in calculating settlement for the thick soil layers with the constant value 126 

of  . In this study, the new simplified method is developed by considering the nonlinear 127 

compressibility with depth to obtain the Uz for a thick soil layer accurately, and the physical 128 



meaning of the parameter   is discussed. Examples of different thicknesses of soil stratums, 129 

different surcharge loadings, different stress–strain states (over-consolidation ratio, OCR=1, 130 

1.5, and 2), and different values of creep parameter are calculated and verified by the results 131 

from FE analysis. Finally, this new simplified method is used in the project of Väsby test 132 

embankment and the calculated result is compared with the 50 years’ measured data in the 133 

field for the application. 134 

Equations of a New Simplified Method for Calculating Consolidation Settlement of a 135 

Thick Soil Layer with Nonlinear Compressibility and Creep 136 

In the new simplified method, the total settlement totalBS  is the summation of 137 

consolidation settlement ionconsolidatS  and creep settlement creepS . A general equation of this 138 

new simplified method for 1-D consolidation settlement calculation of clayey soils with creep 139 

can be expressed as 140 

creepionconsolidattotalB SSS       (1) 141 

This new simplified method is developed from the ideas of the EVP constitutive model 142 

based on the “equivalent time” concept, which was proposed by Yin and Graham (1989, 143 

1994). The subscript of “totalB” is utilized in Eq. (1) because the creep is considered in the 144 

consolidation stage (Hypothesis B). In this equation, consolidation settlement ionconsolidatS  is 145 

related to the nonlinear stress–strain relationship and the Uz of a soft soil layer. Creep 146 

settlement creepS  is expressed by the creep time line at a certain time, which will be presented 147 



in following parts. 148 

Consolidation Settlement with Respect to Nonlinear Compressibility of Soil Layers 149 

The coefficient of volume compressibility mv is usually adopted to describe the volume 150 

change per unit volume with respect to the increase of the effective stress, and it is a 151 

parameter used to determine the coefficient of consolidation, 
vw

z
v m

k
c


  (Craig 2004). Due to 152 

the variation of the initial effective vertical stress with depth, the soil layer is divided into 153 

sublayer soils, each of which has a suitable thickness (e.g. 0.5 m). With the help of Figure 154 

1(a), the initial stress–strain state is assumed at Point 1, and the consolidation settlement is 155 

related to soil compression on the instant time line when the final effective stress is at Point 2 156 

(from Point 1 to Point 2) or the reference time line if the final effective stress is at Point 4 157 

(from Point 1 to Point 4). The total consolidation settlement is the sum of the compression of 158 

sublayers. The compression of each sublayer is calculated based on the stress–strain state with 159 

respect to pre-consolidation pressure at the center of each sublayer in the new simplified 160 

method: 161 
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fzionconsolidat SUS   (5) 168 

where iH  is the thickness of a sublayer; ivm ,  is the coefficient of volume compressibility of 169 

the sublayer; V is the specific volume, oeV 1 ;   and   are defined as the 170 

compression parameters in the EVP constitutive model proposed by Yin and Graham (1989. 171 

1994); '
,0 iz , '

,iz , and '
,izp  are initial effective vertical stress, effective vertical stress 172 

increment, and pre-consolidation pressure for each sublayer. Yin (2015) explained the 173 

fundamental concepts in the EVP constitutive model and regarded that this model is an 174 

extension of Maxwell’s linear rheological model with the consideration of the nonlinear 175 

behavior of clayey soils, as illustrated in Figure 1(b). It is noted that the value of mv,i varies 176 

along the depth because there is an nonlinear relationship between strain compression and 177 

initial effective vertical stress '
,0 iz , effective vertical stress increment '

,iz , 178 

pre-consolidation pressure '
,izp  of each sublayer. 179 

In fact, the variable compressibility of each sublayer was noticed by Yin and Feng (2017). 180 

They used the values of coefficient of volume compressibility of all sublayers to calculate an 181 

average as a constant for the whole soil layer to obtain the consolidation settlement. However, 182 

influence of variable compressibility on the calculation of the Uz, is not fully considered in 183 

Yin and Feng (2017). Zhu and Yin (1999) presented an analytical solution for the 184 



consolidation of a soil layer with a constant value of vertical consolidation coefficient under 185 

the depth-dependent ramp load. Conversely, this solution can be used to obtain the Uz for a 186 

soil layer considering the depth-dependent compressibility under a constant load. 187 

Subsequently, Zhu and Yin (2012) analyzed a general variation of compressibility and 188 

permeability along depth for the soft marine deposits and obtained a mathematical solution 189 

for the Uz of a thick clay layer. In this study, the permeability along the depth is regarded as a 190 

constant, the compressibility variation in a thick soil layer is considered by adopting this 191 

solution by Zhu and Yin (2012) to calculate the Uz of this soil layer 192 
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where 0vm  is the volume compressibility value of top of this thick soil layer;   and q are 194 

two fitting parameters for the nonlinear depth-dependent compressibility of soil layer. The Uz 195 

can be calculated as 196 

(a) For one-drainage boundary condition 197 
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(b) For two-drainage boundary condition 202 



     
 

     
 

221
1

21 221,2.. 1

221
1

21 22
1

2 ( )4(1 ) 1
1 exp

4 22 1 1 ( ) 4
( , )

2 ( )4(1 )
1 exp

42 1 1 ( ) 4

v m
mm v m

q mm
m m v m

v m
mm v m

q m
m m v m

b Z bq
T v

qq b Z b
U T

b Z bq
T

q b Z b

  

    


  

    












        
            


     
         



1,2..

1

2m

v
q











  
  



 (8) 203 

where m  is m-th positive root of           0m
v v m v v m vZ x Y J x J Y x    . 204 

Calculation of Creep Settlement 205 

The creep settlement is calculated by using the following equation: 206 

dcreepfcreepcreep SSS ,, )1(       (9) 207 

where fcreepS ,  is the total creep settlement with respect to final effective stress ignoring the 208 

coupling of the excess pore water pressure; dcreepS , is the delayed creep settlement due to the 209 

coupling of the excess pore water pressure; The distinguished difference of fcreepS ,  and 210 

dcreepS ,  is the beginning of accounting the creep: the time for fcreepS ,  is the default in this 211 

study, 1ot day , while that for dcreepS ,  is after the consolidation of soil layer, o EOPt t ;   212 

is a parameter for calculating the creep settlement with the value in the range of 0~1 to 213 

account for the couple of consolidation and creep. As shown in Figure 1(a), the creep is 214 

vividly expressed by equivalent time lines, which is directly related to creep coefficients 215 

V/  and ot . The creep strain rate on equivalent time line is independent on the stress path, 216 

which combines the over-consolidation state and normal consolidation state, expressed as 217 
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where iet ,  and iet ,  are determined from the following equations 221 
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The equivalent time ,e it  illustrates that the creep strain rate is dependent on the effective 223 

stress-strain state and the preconsolidation pressure of the soil skeleton. For the calculation of 224 

delayed creep settlement dcreepS ,  the end of consolidation time EOPt  is utilized to replace 225 

ot  in Eq. (11). expressed as: 226 

expressed as 227 
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It is usually taken the time when %98zU  as EOPt . 231 

In Eq. (9),   is an important parameter to describe the creep settlement expressed in the 232 

consolidation stage in the new simplified method. The creep effect can be directly 233 

investigated by comparing the FE simulated results with different values of creep parameter 234 

(adopting the SSC model in the Plaxis software). In the FE modelling, two values of creep 235 

parameter *  listed in Table 1 are considered to interpret the creep effect in the 236 

consolidation stage. As illustrated in Figure 2(a), the top and middle points are pre-set in the 237 



FE simulation for monitoring the ground settlement and excess pore water pressure of soil 238 

layers (one-drainage condition). Details of the FE modelling can be referred in Section 3.1. 239 

The responses of excess pore water pressure and ground settlement of the soil layer with 8m 240 

are plotted in Figure 2(b), and those of the soil layer with 16m are shown in Figure 2(c). The 241 

shadow area is the different performances of the FE simulated results from two different creep 242 

parameter values (other parameter values are remained the same), therefore, the shadow area 243 

is only influenced by the creep. It is seen that the creep is reserved in the excess pore water 244 

pressure initially, subsequently, it is displayed as the surface settlement gradually. Therefore, 245 

the parameter   is a variable value related to the Uz rather than a constant. In this study, we 246 

take zU  as a simplification. 247 

Calculation Procedures for New Simplified Method 248 

For the calculation of thick soil layer, it is necessary to divide the soil layer into sublayers 249 

with thickness less than 0.5 m because the initial effective vertical stress increases with the 250 

depth (Yin and Feng 2017). Afterwards, the final effective vertical stress can be obtained 251 

, , ,' ' 'zf i zo i z i      and it will be compared with the preconsolidation pressure of each 252 

sublayer to determine the soil stress state, as shown in Figure 3(a). Then, the total settlement 253 

of new simplified method can be calculated based on the flow diagram, as presented in Figure 254 

3(b). It can be noted that it is very important to correctly calculate the value of Uz for both 255 

consolidation settlement and creep settlement. 256 



Hypothesis A Method for Consolidation Settlement of Soil Layers 257 

A simple method of Hypothesis A is utilized in this study for the calculation of the total 258 

consolidation settlement totalAS  in the field: 259 
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where "" primaryS  is the “primary” consolidation settlement at time t and it equals to ionconsolidatS  261 

in Eq. (5); EOPt  represents the end of “primary” consolidation in the field, and it is usually 262 

taken the time for %98zU ; eC V  is the coefficient of “secondary” consolidation. For the 263 

over-consolidated soils, a smaller value of eC V  will be taken in practice (Feng and Yin 264 

2018). In Hypothesis A, “secondary” consolidation occurs after the “primary” consolidation, 265 

therefore, there is no need to consider the coupling of the consolidation and creep. 266 

Verification of the New Simplified Method by Comparing Calculated Values with FEM 267 

In this part, we select Hong Kong Marine Deposits (HKMD) as a typical example of a soft 268 

soil layer to analyze the consolidation settlement of soils with creep. The typical parameter 269 

values for the new simplified method and FE modelling are listed in Table 2. Cases including 270 

different thickness values (8m, 16m, and 32m), different applied loadings (20 kPa, 50 kPa, 271 

and 100 kPa), different OCR values (OCR=1, 1.5, and 2), and different creep parameters 272 

( V/ =0.0076, 0.0038, and 0.00076) are considered in this study to illustrate the influence of 273 

variable compressibility and creep of thick soil layers under different stress–strain states. The 274 



FE software (Plaxis 2015 version) was utilized to analyze the coupling of the consolidation 275 

and creep by adopting the SSC constitutive model. The coupling performance of 276 

consolidation and creep in Plaxis (2015 version) has been verified and reported by Neher et al. 277 

2001, Yin and Feng (2017). The simulated result from FE software is regarded as the rigorous 278 

coupled results of consolidation and creep, and it is utilized to evaluate the performance of the 279 

new simplified method and Hypothesis A method. 280 

Two parameters in terms of relative difference of settlement ttotalBS ,  and relative error 281 

ttotalB ,  are defined to assess the performance of the new simplified method: 282 

, , ,totalB t totalB t FE tS S S     (15) 283 

%100
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  (16) 284 

where tFES ,  is the simulated settlement from FE program at a certain time, ttotalBS ,  is the 285 

calculated settlement from the new simplified method. Similar parameters of ttotalAS ,  and 286 

ttotalA,  are defined to examine the accuracy of Hypothesis A method. 287 

Case Description and Finite Element Simulation 288 

Different cases of thick soil layers of HKMD were simulated by the FE software, as 289 

mentioned above. In the FE modelling, the plane strain model type was pre-set, 15-Noded 290 

element and fine mesh were selected to reduce the discretization errors and obtain accurate 291 

results (Yin and Feng 2017). The top of soft soil layer is seabed and normally filled by sand 292 

materials, therefore, it was set as a drained condition in FE modelling. The bottom was 293 



regarded as an impermeable condition (half-closed layer condition, Craig 2004). The 294 

displacement boundary of the bottom was fixed in both horizontal and vertical directions, and 295 

two side boundaries were only fixed in the horizontal direction. The default K0-condition, 296 

which has been proved to be suitable for the normally consolidated soil (Neher et al. 2001; 297 

Fatahi, et al. 2013), was utilized to generate the initial stress state in this study. In the FE 298 

modelling, the SSC model was adopted, and parameter values of the thick soil layer are listed 299 

in Table 2 (Feng and Yin 2017). The groundwater table was above the top of the simulated 300 

soil layer. In the FE modelling, the surcharge loading (20 kPa, 50 kPa, or 100 kPa) was 301 

applied instantly and remained 106 days in the consolidation stage to make sure the 302 

dissipation of excess pore water pressure was totally completed for all cases of the thick soil 303 

layers. 304 

Calculation Procedures of New Simplified Method and Hypothesis A Method 305 

In the new simplified method and Hypothesis A method, the calculation procedures are 306 

very similar to that presented by Yin and Feng (2017) and Feng and Yin (2017). Firstly, the 307 

soil layer is divided into sublayers with 0.5 m and initial/final effective stress of each sublayer 308 

is determined based on the soil unit weight and the applied loading. It should be noted that the 309 

compressibility variation in different cases is described by using Eq. (6) rather than the 310 

average value of the mv. The Solver in Microsoft Excel was used to determine the values of 311 

q  and  . All the fitted values of 0vm , q  and   for all the cases are listed in Table 3. 312 



Taking the example of 8 m soil layer, the curve is fitted with calculated compressibility values 313 

of sublayer with 0.5 m, as shown in Figure 4. 314 

To obtain the average degree of consolidation zU , Eq. (7) will be utilized and calculated. 315 

It should be noted that the time factor is normalized including the eigenvalue 1  and 316 

parameters ( q  and  ) related to the depth-dependent compressibility. The eigenvalue 1  317 

can be referred in the table by Zhu and Yin (2012). In this study, Eq. (7) is implemented into a 318 

MATLAB program to calculate the zU  accurately. 319 

Verification and Discussion of the New Simplified Method from FE Modelling 320 

The calculation results using the new simplified method, Hypothesis A method are 321 

compared with the FE simulated results for different cases mentioned above. The certain time 322 

points for t=10000-th day, 100000-th day, and 1000000-th day are set as the reference time to 323 

examine to illustrate the accuracy of the new simplified method and Hypothesis A method. 324 

 (a)Thickness Effect of Soil Stratum 325 

Three different soil layers (8m, 16m, and 32m) are calculated in this part. The calculated 326 

results from the new simplified method and Hypothesis A method are compared with the 327 

results of FE modelling in Figure 5. The results of the new simplified method agree well with 328 

the FE simulations for three different thicknesses of soil stratums, which indicates that new 329 

simplified method using Zhu and Yin method (2012) could properly consider the nonlinear 330 

compressibility effect for the thick soil layers. For the Hypothesis A method, the 331 



consolidation settlement is gradually underestimated with the consolidation time when 332 

comparing with the FE simulation results. As listed in Table 4, it is found that the relative 333 

errors of the Hypothesis A method are in the range of 22.9% ~ 57.5% with under-estimation. 334 

The relative difference of settlement is as large as 2.9 m for 32 m soil layer. Comparatively, 335 

the relative errors of the new simplified method range from 0.3% to 12.2% and the relative 336 

difference of settlement is within 0.2 m, which are acceptable in the geotechnical designs. 337 

(b) Effect of Compressibility Variation 338 

The stress–strain relationship of the soft soil is nonlinear, which is closely related to the 339 

initial stress state and the surcharge loading, the compressibility of soft soils along depth is 340 

variable when a thick soil layer is subjected to a surcharge loading (Craig 2004). The 341 

compressibility variation may be also related to the nonlinear relationship between 342 

permeability and void ratio due to the surcharge loading (Tavenas et al. 1983; Deng et al. 343 

2011; Zagorščak et al. 2017). It is recommended that the variation of soil permeability needs 344 

also be considered when the soil layer is subjected to a large external load. In this part, three 345 

values of surcharge loading (20 kPa, 50 kPa, and 100 kPa) are considered and calculated for 346 

the settlement of 16m soil layer (OCR=1). It is found that the surcharge loading mainly 347 

influences the value of 0vm  in Zhu and Yin method (2012), as listed in Table 3. As expected, 348 

the curve of the new simplified method agrees well with the FE simulations, as shown in 349 

Figure 6, the relative error is within 12% for this new simplified method. The large 350 



underestimation of the Hypothesis A method can not be ignored for the prediction of the 351 

long-term period: the relative errors of Hypothesis A method are in the range of 6.0% ~ 352 

41.9%, and the largest underestimation is 1.4 m for the soil layer (16m with OCR=1) 353 

subjected to 50 kPa. 354 

(c) OCR Effect 355 

Figure 7 shows the comparison of the settlement and time (log–scale) from the new 356 

simplified method, Hypothesis A method, and the FE simulations for 16m soil layer with 357 

OCR=1, 1.5, and 2, respectively. The surcharge loading is 20 kPa. The sublayers below 8m 358 

(for OCR=1.5) or below 4m (for OCR=2) for 16m soil layer are at over-consolidated state. 359 

Curves of the new simplified method using Zhu and Yin method (2012) nearly overlap the 360 

results of the FE simulation, which indicates that the creep settlement in the new simplified 361 

method is also correctly calculated based on the “equivalent time” concept (Bjerrum 1967; 362 

Yin and Graham 1989, 1994, 1996). Comparing with the FE results, the Hypothesis A method 363 

obviously underestimates the total settlement for all three OCR values, which is consistent 364 

with the previous findings (Yin and Graham 1996; Yin and Feng 2017). It is found that the 365 

relative errors of Hypothesis A method are in the range of 37.9% ~ 59.5% with 366 

underestimation of total settlements, whereas those of the new simplified method 367 

overestimate the total settlement from 0.03 m to 0.27 m, resulting in the relative errors of 368 

0.1% ~25.9%. 369 



 (d) Creep Effect 370 

The relationships of settlement versus time (log–scale) from the new simplified method, 371 

Hypothesis A method are compared with results from the FE simulations for 16m thick soil 372 

layer (OCR=1) with three values of creep parameter, as shown in Figure 8. It can be observed 373 

that there is very small difference before 100 days in FE simulations with different values of 374 

creep parameter because the creep effect is reserved into the increase of excess pore water 375 

pressure (as analyzed in Section of 2.2). Afterwards, the settlement difference increases in the 376 

FE simulations gradually for three different values of creep parameter. In other words, the 377 

creep effects on the settlement of the soft soil layers express after 1000-th day in this 378 

simulated soft soil layer (16m and OCR=1). In the new simplified method, the expression of 379 

creep settlement is related to the Uz. It is found from Figure 7 that the new simplified method 380 

can capture the creep settlement during the consolidation stage properly. Conversely, it is 381 

supposed that the creep settlement does not occur in the Hypothesis A method, therefore, 382 

there is no difference of “primary consolidation” when adopting three different values of 383 

creep parameter, which is not reasonable. 384 

Application and Verification of the New Simplified Method using Measured Data from 385 

Väsby Test Fill Site 386 

 Site Description of Väsby Test Fill and FE Modelling 387 

As reported by Larsson and Mattsson (2003), the Väsby test fill site located nearby the 388 



village Lilla Mellösa of Upplands Väsby, 30 km north of Stockholm on the east coast of 389 

Sweden, it was constructed in October 1947. The dimensions of this site are 30 m × 30 m, and 390 

the fill height is 2.5 m with a slope of 1/1.5 (vertical direction /horizontal direction). 391 

Underneath the test fill, there are post glacial clays and lower glacial clays with a total 392 

thickness of 14 m. A very thin layer of grey sand covers on the bedrock surface (Chang 1969), 393 

which can be regarded as the drained boundary. Detailed information of the Väsby test fill can 394 

be found in Larsson and Mattsson (2003). Chang (1981) conducted a series of laboratory 395 

experiments to determine the soil basic properties, such as Atterberg limit, organic content, 396 

sensitivity, soil compressibility, and water content. The main laboratory test results are shown 397 

in Figure 9. It is seen that the soil unit weight increases with depth from 12.75 kN/m3 to 17.66 398 

kN/m3, the water content ranges from 130% to 70% along the depth of soil layer. The value of 399 

the plastic index in the top layer is around 85%, while that in the bottom layer is 34%. It 400 

should be noted that there is a crust layer with a thickness of 1.5 m~2 m, and the 401 

pre-consolidation pressure is 51 kPa (corresponding OCR=6), as shown in Figure 9(e). 402 

According to Larsson and Mattsson (2003), the density of fill materials is 17 kN/m3, leading 403 

to the applied stress of 40.6 kPa based on the height of fill materials. However, the fill 404 

materials, which are initially above the groundwater, sank into the groundwater in the 405 

consolidation stage due to the large amount of settlement. This would reduce the actual load 406 

on the ground. The load reduced from 40.6 kPa in 1947 to 27.5 kPa in 1968, and the load 407 



decreased continuously to 23.5 kPa in 2003 (as shown in Figure 10). 408 

As illustrated in Figure 9(a), FE geometry by using the Plaxis software (2015 version) was 409 

modelled based on the information mentioned above. The plane strain model type and fine 410 

mesh were set. The fill layer, crust, and soft soil layers were simulated in the FE model by 411 

using Mohr-Coulomb (MC) model and SSC model, respectively. 15-Noded elements were 412 

selected and the fill material was activated in the construction period to accurate simulate the 413 

total settlement. The FE modelling could simulate the applied stress change due to fill 414 

materials sinking into ground water. The parameters of each soil layer are listed in Table 5, 415 

which are consistent with the data reported by Le (2015). The top and bottom boundary 416 

conditions of soft soil layer were set as drained according to the geological condition. Thus, 417 

drainage type of fill material was chosen as “drained” in the FE modelling. The construction 418 

period was also 25 days to simulate the real construction process. The total duration lasts for 419 

20745 days to make a comparison with measured data in the field. 420 

 Calculation and Comparison of Results from the New Simplified Method, Hypothesis A 421 

method, FE simulations and Measured Settlement 422 

For the calculation of the new simplified method, the procedures are not repeated here. It 423 

is noted that the loading is taken as 32.05 kPa (the average value of 40.6 kPa and 23.5 kPa) in 424 

the calculation of new simplified method. The nonlinear compressibility of soil layer is fitted 425 

by Eq. (6), as shown in Figure 11. In Väsby test fill, the boundary condition is double 426 



drainage, thus, Eq. (8) is utilized to calculate the Uz. Results of the new simplified method and 427 

Hypothesis A method for the thick soil layers are examined by the actual measured settlement 428 

for 50 years in this section. 429 

As shown in Figure 12, the curve of the new simplified method using Zhu and Yin 430 

method is very close to the actual measured data. The values of relative error and relative 431 

difference of settlement are listed in Table 6. It is observed that relative error is 16.4% on 432 

470-th day for the new simplified method, which is mainly reduced by the small value of 433 

measured data (0.278m). In fact, the relative difference of settlement is only 0.0456 m 434 

compared with the measured data. On 20744-th day, there is 0.127 m overestimation of the 435 

predicted settlement by the new simplified method. Comparing with the measured settlement, 436 

the relative error is 6.2% for the new simplified method, whereas, the relative error is 59.1% 437 

for the Hypothesis A method. The main reasons may consist of the average value of the 438 

applied loadings taken in the new simplified method, without considering the permeability 439 

decrease of the soft soil layer due to the large compression in the field (Larsson and Mattsson 440 

2003). In the FE simulations, the overestimation of settlement can be reduced by properly 441 

considering the decrease of applied loading. Again, Hypothesis A method obviously 442 

underestimates the total settlement, especially for the long-term performance. 443 

 Conclusions 444 

In this study, A new simplified method considering both the nonlinear compressibility 445 



and creep has been proposed and verified for the consolidation settlement of a thick soil layer. 446 

In this method, Zhu and Yin method (2012) is utilized to calculate the Uz considering the 447 

nonlinear compressibility of a thick soil layer. Fully coupled FE consolidation analysis of 448 

thick soil layers and a test fill with measured data was carried out and used to verify this new 449 

simplified method. The Hypothesis A method is also used to calculate settlements which are 450 

used for comparison. Based on the results and discussions, main conclusions are drawn as 451 

follows: 452 

(a) Zhu and Yin method (2012) is suitable to calculate the average degree of consolidation Uz 453 

of a thick soil layer with the nonlinear compressibility along the depth. 454 

(b) The coupling of the creep and consolidation is necessary to be considered for a thick soil 455 

layer. In this study, the value of   in the new simplified method is a variable, taken as 456 

zU   (in the range of 0~1) rather than a constant. 457 

(c) Cases with different thicknesses of soil layers, different OCR values, different surcharge 458 

loadings, and different values of creep parameter are analyzed using both a fully coupled 459 

FE model and the new simplified method using Zhu and Yin method (2012) for zU . It is 460 

found that the calculated curves using the new simplified method with Zhu and Yin 461 

method for zU  are in a good agreement with curves from FE simulations for all cases. 462 

(d) Lastly, the new simplified method and the FE modelling are used to determine the ground 463 

settlements in Väsby test fill with 50 years’ measured data. The comparison shows that the 464 



calculated settlements using the new simplified method are in good agreement and also 465 

are consistent with the measured data from this test fill site. 466 
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 637 

Table 1. Parameter values used in finite element (FE) analysis 638 

soil   

)/( 3mkN  
OCR *  *  *  

zk  

)/( daym  

'c  
)(kPa  

'  

)(  

 

15 1 0.0217 0.174

0.0076 

or 

0.000076

1.910-4 0.1 30 

 

Note: details of parameters can be referred in Plaxis manual (2015) 639 

 640 

Table 2. Parameter values used in the new simplified method and FE modelling 641 

(a) Values of parameters in the new simplified method 642 

The new simplified method 

soil   

)/( 3mkN  
OCR V  V  V  zk  

)/( daym
0t  

)(day  

15 1, 1.5, or 2 0.0108 0.174 0.0076 1.910-4 1 

FE modelling 

soil   

)/( 3mkN  
OCR *  *  *  

yk  

)/( daym

'c  
)(kPa  

'  

)(  

15 1, 1.5, or 2 0.0217 0.174 0.0076 1.910-4 0.1 30 

 643 

Table 3. Summary of fitted values of nonlinear compressibility using Eq.(6) for thick soil layers 644 

Case 0vm    q 

8 m 

0.024344 

0.5631 

-5 16 m 0.6631 

32 m 0.8631 



20 kPa 0.024344 

0.6631 50 kPa 0.012797 

100 kPa 0.007582 

OCR= 1 

0.024344 

0.6631 

OCR= 1.5 1.2631 

OCR= 2 2.1631 

645 



 646 

Table 4. Relative error and relative difference of settlement values of the new simplified 647 

method using Zhu and Yin method and Hypothesis A method 648 

 649 

Case 
Time 

(day) 

FE 

simulation 

(m) 

New simplified method Hypothesis A method 

,totalB tS

 (m) 

,totalB tS

(m) 

,totalB t  

(%) 

,totalA tS  

(m) 

,totalA tS

(m) 

,totalA t

 (%) 

8m 

10000 1.3557 
1.504

8 
0.1492 11.0 1.0446 

-0.311

0 
22.9 

100000 1.8547 
1.971

1 
0.1164 6.3 1.3316 

-0.523

1 
28.2 

1000000 2.0152 2.1111 0.0959 4.8 1.4716 
-0.543

6 
27.0 

16m* 

(OCR=1; 

20 kPa) 

10000 1.4593 
1.471

6 
0.0123 0.8 0.8809 

-0.578

4 
39.6 

100000 2.8544 
3.039

7 
0.1854 6.5 1.6584 

-1.196

0 
41.9 

1000000 3.2486 
3.350

3 
0.1017 3.1 1.9551 

-1.293

6 
39.8 

32m 

10000 1.6933 
1.486

8 

-0.206

5 
12.2 0.7193 

-0.974

0 
57.5 

100000 4.1530 
4.163

9 
0.0109 0.3 1.7841 

-2.368

9 
57.0 

1000000 5.3287 
5.458

9 
0.1302 2.4 2.4451 

-2.883

6 
54.1 

50 kPa 

10000 2.4697 
2.765

7 
0.2960 12.0 1.9995 

0.470

2 
19.0 

100000 4.1234 
4.321

8 
0.1984 4.8 2.9920 

1.131

4 
27.4 

1000000 4.4885 
4.602

7 
0.1142 2.5 3.1327 

1.355

9 
30.2 

100 kPa 

10000 3.7161 
4.425

4 
0.7093 19.1 3.4933 

0.222

8 
6.0 

100000 5.4268 
5.597

2 
0.1703 3.1 4.4549 

0.971

9 
17.9 



1000000 5.7670 
5.877

2 
0.1102 1.9 4.7349 

1.032

1 
17.9 

OCR=1.5 

10000 1.0716 
1.349

1 
0.2776 25.9 0.5974 

0.474

1 
44.2 

100000 1.8954 
2.012

0 
0.1166 6.2 0.8138 

1.081

6 
57.1 

1000000 2.2596 
2.292

0 
0.0323 1.4 0.9451 

1.314

6 
58.2 

OCR=2 

10000 0.7955 
0.981

6 

0.1861

1 
23.4 0.4938 

0.301

6 
37.9 

100000 1.2247 
1.266

6 
0.0418 3.4 0.5546 

0.670

1 
54.7 

1000000 1.5431 
1.541

6 

-0.001

5 
0.1 0.6246 

0.918

5 
59.5 

 *This is the reference case 650 

651 



Table 5. Parameter values used in new simplified method and FE modelling for Väsby test fill 652 

 653 

The new simplified method 

soil   

)/( 3mkN  
OCR V  V  V  zk  

)/( daym
0t  

)(day  
- - - 

15 1.1 0.01 0.2006 0.01002 6.010-5 1 - - - 

FE modelling 

Layer 

(model) 
soil   

)/( 3mkN  
OCR *  *  *  

yk  

)/( daym

E 

(MN/m2) 

'c  
)(kPa

'  

)(

Fill  

(MC 

model) 

17 - - - - 0.1 35 1 38 

Crust 

(SSC 

model) 

15 6 0.02 0.2006 0.01002 6.010-5 - 0.1 28 

Soft soil 

(SSC 

model) 

15 1.1 0.02 0.2006 0.01002 6.010-5 - 0.1 28 

 654 

Table 6. Relative error and relative difference of settlement values of the new simplified 655 

method using Zhu and Yin method and Hypothesis A method for Väsby test fill 656 

 657 

Time 

(day) 

Measured 

settlement 

data (m) 

New simplified method Hypothesis A method 

,totalB tS

 (m) 

,totalB tS

(m) 

,totalB t  

(%) 

,totalA tS  

(m) 

,totalA tS

(m) 

,totalA t  

(%) 

470 0.2784 0.3240 0.0456 16.4 0.1629 
-0.115

5 
41.5 

2014 0.7906 0.7455 -0.0451 5.7 0.3354 
-0.455

2 
57.6 

20744 2.0379 2.1649 0.127 6.2 0.8334 
-1.204

5 
59.1 

 658 
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Figure 1 662 
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Figure 2 665 
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Figure 3 669 
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Figure 4 673 

 674 

0

1

2

3

4

5

6

1 10 100 1000 10000 100000 1000000

S
et

tl
em

en
t  

(m
)

Time (day)

FE simulation (8m)

FE simulation (16m)

FE simulation (32m)

New simplified calculation method (8m)

New simplified calculation method (16m)

New simplified calculation method (32m)

(a)

0

1

2

3

4

5

6

1 10 100 1000 10000 100000 1000000

S
et

tl
em

en
t  

(m
)

Time (day)

FE simulation (8m)

FE simulation (16m)

FE simulation (32m)

The simple method of Hypothesis A (8m)

The simple method of Hypothesis A (16m)

The simple method of Hypothesis A (32m)

(b)

 675 

Figure 5 676 
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Figure 6 679 
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Figure 7 681 
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Figure 8 683 
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Figure 11 692 
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