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ABSTRACT 29 

In this paper, a new simplified method (de-coupled method) is presented for calculating 30 

consolidation settlements of a soft soil layer with creep under multi-staged loadings. All 31 

equations of this new simplified method are derived for a general multi-staged loading case. 32 

Different stress-states of the soil layer are considered. At the same time, a fully coupled finite 33 

element computer program with an Elastic Visco-Plastic (EVP) model and Hypothesis A 34 

method are used to calculate the consolidation settlements of the same soil layer with the 35 

same conditions. Then, the settlement results using this new simplified method are presented 36 

and compared with results from the finite element (FE) simulations and the Hypothesis A 37 

method. Based on the comparison, it is demonstrated that the new simplified method is much 38 

better than the Hypothesis A method. In addition, this new simplified method is used in the 39 

Berthierville test site subjected to three-staged loading. The comparison of calculated results 40 

and measured data demonstrates that the new simplified method is easy to use by simple 41 

spread-sheet calculation and has a good accuracy for the situations analyzed in this study. 42 

 43 

Keywords: consolidation settlement, creep, simplified method, Hypothesis B, multi-staged 44 

loading, ramp loading 45 

46 
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1.  INTRODUCTION 47 

In general, the elastic visco-plastic (EVP) constitutive model is the most suitable one to 48 

describe the general stress-strain-time relationship of clayey soils (Bjerrum, 1967; Yin and 49 

Graham, 1989, 1994, 1999; Yin et al., 2010; Feng et al., 2017). Thus, numerous researchers 50 

have attempted to determine the consolidation settlement of soft soil ground by using the EVP 51 

model (Zhu and Yin, 2000; Zhu et al., 2001; Yin and Hicher, 2008; Yin and Karstunen, 2008; 52 

Karstunen and Yin, 2010; Yin et al., 2011). However, the numerical methods, such as finite 53 

difference method or the finite element (FE) method, are necessary for solving the highly 54 

nonlinear differential equations in the coupled consolidation and creep when the settlement 55 

problem is concerned (Zhu et al., 2001; Yin and Graham, 1996; Vermeer and Neher, 1999; 56 

Nash and Ryde, 2001; Nash and Brown, 2013). In the coupled analysis of EVP constitutive 57 

model with the proper numerical methods, it is regarded that the creep and consolidation 58 

occur simultaneously, which is consistent with the opinions of Hypothesis B (Ladd, et al., 59 

1977; Degago, et al., 2011). In practice, the creep settlement (also termed as “secondary 60 

consolidation”) is calculated when the consolidation stage is completed, which follows the 61 

assumption of Hypothesis A (Ladd, et al., 1977; Mesri and Vardhanabhuti, 2006). Degago et 62 

al. (2011) summarized previous data in laboratory tests and field monitoring, and access 63 

whether the creep occurs in the consolidation. They found that most data in the literature 64 

supports the Hypothesis B. To build a bridge between the research and the practice, a new 65 

simplified method was proposed based on Hypothesis B and validated for the consolidation 66 

settlement calculation of soft soil layers following the EVP constitutive relationship and 67 

“equivalent time” concept (Feng and Yin, 2017, 2018; Yin and Feng, 2017). In this new 68 

simplified method, the average degree of consolidation is calculated by the empirical 69 

equations of Terzaghi’s theory for one-layered soil subjected to the instant loading and Zhu 70 

and Yin method (1999, 2005) for double-layered soil under time-dependent loading. It has 71 
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been demonstrated that this new simplified method is an approximate approach by hand 72 

calculation of the consolidation settlement of clayey soils exhibiting creep, which is very 73 

valuable in the reclamation design. Since this new simplified method was just proposed 74 

recently, it was validated for one soil layer, double soil layers, and one soil layer with vertical 75 

drain under an instant/ramp loading. Recently, Feng and Yin (2019) took into account the 76 

nonlinear compressibility in the new simplified method for the thick soil layer subjected to a 77 

ramp loading. It is found that previous works mainly focus on an instant loading or a ramp 78 

loading, while the loading condition is very different in practice. There is an obligation to 79 

develop this new simplified method in calculating the ground settlement of soft soil layers 80 

under various loading conditions for its further application. 81 

 82 

In projects, such as the reclamations, the loadings are gradually applied with time (Feng et al., 83 

2019; Yao et al., 2019). For many cases, the first staged loading would be kept a certain 84 

period, afterwards, next staged loading would be applied and maintained, termed as 85 

multi-staged loading. Terzaghi (1943) presented the practical methods of the graphical 86 

construction to consider the construction time factor. Olson (1977) derived a mathematical 87 

solution for one-dimensional (1-D) consolidation of homogeneous soils subjected to a simple 88 

ramp loading. Zhu and Yin (1999, 2005) obtained the analytical solutions for double-layered 89 

soil under the single time-dependent loading and considered the depth-dependent vertical 90 

total stress specially. Afterwards, researchers such as Conte and Troncone (2009), Walker and 91 

Indraratna (2009), Lu et al. (2011), Lei et al. (2015, 2016), Ni et al. (2019) focused on the 92 

multi-staged ramp loading and made some meaningful achievements. Therefore, the 93 

multi-staged loading is necessary to be considered when the total consolidation settlement is 94 

concerned in field projects, especially for the soft soils. 95 

 96 
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In this paper, the new simplified method is developed to calculate the consolidation settlement 97 

for soft soils with creep under a general multi-staged loading. The equations are derived for 98 

both normally consolidated state (NCS) and over-consolidated state (OCS) using the 99 

“equivalent time” concept. The typical soft soil layer (4m) from Berthierville test site with 100 

different stress-strain states (over-consolidation ratio, OCR=1, 1.5, and 2) are calculated and 101 

verified. Then, different construction periods (30 days and 365 days), different loading stages 102 

(two-, three-, and four-staged loadings) are calculated and compared with the FE simulations. 103 

And its accuracy is also examined based on the results of finite element modelling (FEM). 104 

Afterwards, this new simplified method is utilized in the Berthierville test site and compared 105 

with the measured data in the site to demonstrate its feasibility. 106 

 107 

2. THE NEW SIMPLIFIED METHOD FOR CONSOLIDATION SETTLEMENT OF 108 

SOIL LAYER SUBJECTED TO MULTI-STAGED LOADING 109 

Figure 1 shows the schematic diagram of multi-staged loading including the construction 110 

period ( 1ct , 2ct , 3ct …) and the consolidation duration of each loading ( 1t , 2t , 3t …). The 111 

definition of these parameters will be used in the following derivations and expressions. 112 

 113 

In the new simplified calculation method, the total settlement, totalBS , is the summation of 114 

consolidation settlement, ionconsolidatS , and creep settlement, creepS . A general equation of this 115 

new simplified method for 1-D consolidation settlement for clayey soils can be expressed by: 116 

 
1

m

totalB consolidation j creep j
j

S S S 


       (1) 117 

In this equation, j is the stage number in the multi-staged loading. This new simplified method 118 

is developed from the idea of the EVP model based on the “equivalent time” concept, which is 119 

proposed by Bjerrum (1967), Yin and Graham (1989, 1994). The term of “B” in the total 120 
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settlement is utilized in this new simplified method because the creep is considered in 121 

consolidation stage following the Hypothesis B. The details of Hypothesis A and Hypothesis 122 

B can be referred in Yin and Feng (2017), Feng and Yin (2017). 123 

 124 

2.1 For Stage 1 in Multi-staged Loading 125 

2.1.1 The Consolidation Settlement of Soil Layer 126 

The consolidation settlement is related to the parameter values calculated from the nonlinear 127 

stress-strain relationship and the average degree of consolidation of the soil layer. The 128 

coefficient of volume compressibility, mv, is usually adopted to describe the volume change 129 

per unit volume with respect to the increase of effective stress, and it is a basis to determine 130 

the coefficient of consolidation, 
vw

z
v m

k
c


  (Craig, 2004). Due to the variation of the initial 131 

vertical effective stress with depth, the soil layer is divided into the i-sublayer with a suitable 132 

thickness (e.g. 0.5 m). For each sublayer, it is necessary to determine the stress state by 133 

comparing the final effective stress and the pre-consolidation pressure: it is an OCS for 134 

' ' '
0, 1, ,z i z i zp i     ; and it is a NCS for ' ' '

0, 1, ,z i z i zp i     . '
0,z i , '

1,z i , and '
,zp i  are 135 

initial effective vertical stress, vertical effective stress increment in stage 1 (as shown in 136 

Figure 1), pre-consolidation pressure for each sublayer, respectively. 137 

 138 

In Figure 2, the initial stress-strain state is at point 0, the consolidation settlement is related to 139 

soil compression on the instant time line (plotted in Figure 2a) or reference time line (plotted 140 

in Figure 2b). The total consolidation settlement is the sum of that of each sublayer, and 141 

sublayer settlement is calculated based on the stress-strain state with respect to 142 

pre-consolidation pressure at the center of each sublayer in the new simplified Hypothesis B 143 

method: 144 
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' '
0, 1,

1, 1, '
0,

log z i z ie
f i f i i i

z i

C
S H H for OCS

V

 



  

    
 

  (2) 145 

' ' '
, 0, 1,

1, 1, ' '
0, ,

log logzp i z i z ie c
f i f i i i

z i zp i

C C
S H H for NCS

V V

  


 

                    
 (3) 146 

1,
v1 '

1 1,

1 n
f i

i z i

m
n





      (4) 147 

1 1,
1

n

f f i
i

S S


     (5) 148 

'
,

1 1 1'
11

1 1 1

( ) 0

( )

z t
z f c

zconsolidation

z f c

U t S for t t
S

U t S for t t





   

 

   (6) 149 

where iH  is the thickness of sublayer, v1m  is the coefficient of volume compressibility of 150 

sublayer under the stage 1 loading, 1f  is the final strain of sublayer under the effective 151 

stress of stage 1 loading, V is the specific volume, oeV 1 , eC  is the rebounding index, 152 

which is the slope of unloading-reloading line in the linear portion of the  'e log z  plot, 153 

and cC  is the slope of normal consolidation line (NCL), termed as compression index. The 154 

values of eC  and cC  are easily obtained from the standard oedometer test with a duration 155 

of 24 hours (1 day), 1consolidationS   is the consolidation settlement under stage 1 loading, 1zU  156 

is the average degree of consolidation with the correction for the construction period. '
,z t  157 

is the vertical stress increment at time of t (within the construction period). In this study, the 158 

empirical method suggested by Terzaghi (1943) is adopted to consider the construction period, 159 

expressed as follows: 160 

'
1

'
1

( ) ( 2) when

( ) ( - 2) when

z z c

z z c c

U t U t t t

U t U t t t t

 

 
    (7) 161 

where '
zU  is the average degree of consolidation based on the instant loading, similar to Yin 162 
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and Feng (2017). 163 

 164 

2.1.2 The Calculation of Creep Settlement 165 

The creep settlement is calculated by using the following equation: 166 

1 , 1 , 1(1 )creep creep f creep dS S S         (8) 167 

where , 1creep fS  is the creep settlement with respect to final effective stress under stage 1 168 

loading ignoring the coupling of the excess pore water pressure and creep, , 1creep dS  is the 169 

delayed creep settlement under stage 1 loading due to the coupling of the excess pore water 170 

pressure. “Delayed” means that the , 1creep dS  will occur when 98%zU   in the field.   is a 171 

parameter for calculating the creep settlement, whose value is within 0~1. In this study, we 172 

take zU   as a simplification. As shown in Figure 2, the creep compression is vividly 173 

expressed by the equivalent time lines, which is directly related to creep parameters, eC V  174 

and ot . In this study, the default value of ot  is 1 day. The creep strain rate on the equivalent 175 

time line is independent of the stress path, which combines the OCS and NCS, expressed as: 176 

, 1 , 1, , 1,
1 1

n n

creep f creep f i creep f i i
i i

S S H
 

        (9) 177 

,
, 1,

1,

log o e ie
creep f i

o e i

t tC
for OCS

V t t


 
     

    (10) 178 

, 1, loge o e
creep f i

o

C t t
for NCS

V t


 
  

 
    (11) 179 

where ,e it  and ,e it  are determined when t is larger than tc1/2 from the following equations: 180 

 1, zp,
' '
0, 1,

1, '
,

10

c

ef i i
e

C
V C

C z i z i
e i o o

zp i

t t t



   



 
 

 
  

     
 

  (12) 181 

1
, 1,2

c
e i o e i

t
t t t t for OCS        (13) 182 
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1

2
c

e o

t
t t t for NCS       (14) 183 

The delayed creep settlement, , 1creep dS , is related to the , 1creep fS  in all cases above but 184 

delayed by the time of ,EOP fieldt : 185 

, 1 , 1, , 1,
1 1

n n

creep d creep d i creep d i i
i i

S S H
 

      (15) 186 

For OCS, the delayed creep settlement occurs after the time of ,EOP fieldt , there is a relationship 187 

between the delayed creep strain and total creep strain with the help of “equivalent time” 188 

concept: 189 

1, ,,
, 1,

1, 1,

1,

1, ,

1,

1, ,

log log

log

log

o e i EOP field oo e ie e
creep d i

o e i o e i

o e ie

o e i EOP field o

o e ie

e i EOP field

t t t tt tC C

V t t V t t

t tC

V t t t t

t tC

V t t

 






      

             
 

       
 

     

  (16) 190 

Similarly, the delayed creep settlement at NCS can be calculated as follows: 191 

,
, 1,

,

log log

log

o EOP field oe o e e
creep d i

o o

e o e

EOP field

t t tC t t C

V t V t

C t t

V t

 




    

    
   
 

   
 

   (17) 192 

At the NCS, it can be observed that the calculation of delayed creep settlement is similar to 193 

the “secondary consolidation” settlement in traditional Hypothesis A method. Comparatively, 194 

this delayed creep settlement can also be used in the OCS with the same creep parameter and 195 

equivalent time. 196 

 197 

2.2 For Stage 2 in the Multi-staged Loading 198 

2.2.1 The Consolidation Settlement of Soil Layer  199 
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The pre-consolidation pressure at the center of each sublayer is influenced by the creep strain 200 

in stage 1 loading and it should be carefully determined. For OCS, as plotted in Figure 2(a), 201 

the pre-consolidation pressure of each sublayer in stage 2 is derived as: 202 

' '
2, 2,

2, 1,t1, ,' ' '
0, 1, ,

' '
2, 2,

1,t1, , ' ' '
, 0, 1,

1,t1, , 2,

log log

log log

log

zp i zp ie c
zp i z i zp i

z i z i zp i

zp i zp ic e
z i zp i

zp i z i z i

c e
z i zp i zp i

C C

V V

C C

V V

C C

V V

 
  

  

 
 

  

  

  
             

   
           

    
 

     

             

' ' ' '
, 0, 1,

' ' ' '
2, 1,t1, , , 0, 1,

log log

log log log

c e
zp i z i z i

c e
zp i z i zp i zp i z i z i

c e c e c e

C C

V V

C CV

C C C C C C

  

     

   

     
  

(18) 203 

Thus, the new pre-consolidation pressure in stage 2 can be obtained: 204 

        1,t1, ,
' ' ' '

2, 0, 1, ,10
cez i zp i

c e c e
c e

CV C
C C C CC C

zp i z i z i zp i

 

   
          (19) 205 

Similarly, the pre-consolidation pressure of each sublayer in stage 2 is also valid for NCS. The 206 

new pre-consolidation pressure is related to the final effect stress,  ' '
0, 1,z i z i   , 207 

pre-consolidation pressure, '
,zp i , of stage 1 loading, and consolidation duration, t1, of 208 

previous loading stage. 209 

 210 

As shown in Figure 2, the stress state of soils in sublayer under stage 2 in multi-staged 211 

loading is from point 1 to point 2 for both OCS and NCS. Similarly, the total consolidation 212 

settlement of each sublayer can be calculated as follows:  213 

' ' '
0, 1, 2,

2, 2, ' '
0, 1,

log z i z i z ie
f i f i i i

z i z i

C
S H H for OCS

V

  


 
    

      
  (20) 214 

' ' ' '
2, 0, 1, 2,

2, 2, ' ' '
0, 1, 2,

log logzp i z i z i z ie c
f i f i i i

z i z i zp i

C C
S H H for NCS

V V

   


  

                       
 (21) 215 

The coefficient of volume compressibility of sublayer under the stage 2 loading, v2m , the 216 
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total consolidation settlement, 2consolidationS  , is calculated similarly to Eqs. (4), (5), and (6). 217 

 218 

2.2.2 The Calculation of Creep Settlement 219 

Eqs. (9), (10), and (11) can be utilized to calculate the creep settlement under stage 2 loading. 220 

The only difference is that the determination of 2,e it : 221 

 2, zp 2,
' ' '
0, 1, 2,

2, '
2,

10

c

ef i i
e

C
V C

C z i z i z i
e i o o

zp i

t t t



    



 
 

 
    

     
 

   (22) 222 

The value of 2,e it  should be substituted into Eqs. (8), (10), and (16) to calculate the creep 223 

settlement and delayed creep settlement under stage 2 loading. It should be noted that the 224 

starting point of creep compression in stage 2 loading is from the day of 1 2 2ct t , as 225 

illustrated in Figure 1. Thus, the “equivalent time” for the creep compression in stage 2 is 226 

determined as: 227 

, 1 2 2,2e i c o e it t t t t t for OCS          (23) 228 

1 2 2e c ot t t t t for NCS        (24) 229 

The process of calculating the consolidation settlement under stage 3 loading or stage 4 230 

loading is similar to that of calculation under stage 2 loading. Thus, the details are not 231 

repeated here. 232 

 233 

2.3 The Hypothesis A Method for Consolidation Settlement of Soil Layer 234 

A simplified method based on Hypothesis A is utilized in this study for the calculation of the 235 

total consolidation settlement totalAS  in the field: 236 

" " " "

,

,
,

log

totalA primary secondary

z f EOP field

e
z f EOP field

EOP field

S S S

U S for t t

C t
U S H for t t

V t


 




  
    

 

 (25) 237 
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where " "primaryS  is the “primary” consolidation settlement at time t and, taking stage 1 loading 238 

as the example, it is equal to 1consolidationS   in Eq. (7), ,EOP fieldt  represents the end of “primary” 239 

consolidation in the field, and it is usually taken as the time for %98zU . For the 240 

over-consolidated soils, the “secondary consolidation” settlement is not considered in this 241 

study. 242 

 243 

3. CASES OF CLAYEY SOILS SUBJECTED TO MULTI-STAGED LOADING 244 

AND ITS VERIFICATION 245 

In this part, we selected one typical clayey soil from Berthierville test site with different 246 

stress-strain states as the examples to analyze the consolidation settlement including creep. 247 

The typical parameter values are listed in Table 1, which is reported by Kim and Leroueil 248 

(2001). The FE software (Plaxis 2D, 2015 version) was utilized as the reliable reference to 249 

evaluate the performance of the new simplified method because FEM could solve the 250 

coupling equations of consolidation and creep using Newton-Raphson method (Yin and Feng, 251 

2017; Feng and Yin, 2017, 2018). Relative error ( ttotalB , ) is defined to assess the performance 252 

of the new simplified method with the FE simulations: 253 

, ,

,
,

100%totalB t FE t

totalB t
FE t

S S

S



    (26) 254 

where tFES ,  is the settlement simulated by FE method with the fully coupled analysis of 255 

consolidation and creep compression at a certain time, ttotalBS ,  is the calculated consolidation 256 

settlement from the new simplified method. ttotalA,  is similarly defined to examine the 257 

accuracy of the simple method based on Hypothesis A. 258 

 259 

As addressed in Figure 1, the multi-staged loading includes the loading stages, loading 260 

durations, and construction periods. In practice, the loading stage depends on the geological 261 
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conditions in the field, normally varying from one to five stages, therefore, we take the 262 

loading stage from two to four stages and the loading duration for each stage loading from 263 

one month to ten years. The construction period is closely related to the project construction, 264 

whose period for each stage loading is controlled within 1 year. To illustrate the feasibility of 265 

the new simplified method for different stress-strain state of soft soil, three different OCRs 266 

(OCR=1, 1.5, and 2) are considered in this study. 267 

 268 

3.1 Cases Description and Finite Element Simulation 269 

Table 2 lists all the cases including different OCRs, different construction periods ( 1ct =30 270 

days and 365 days), different consolidation durations ( 1t =365 days, 730 days, and 3650 days), 271 

and different multi-staged applied loadings (j=2, 3, and 4) are considered in this study to 272 

illustrate the influence of multi-staged loading on the consolidation settlement of soil layers 273 

with different stress-strain states. All these cases of soil layers were simulated by Plaxis 274 

software, as shown in Figure 3. The plane strain model type was set and 15-noded element 275 

and fine mesh was chosen in the model simulation. For the boundary condition, the top was 276 

set as drained and the bottom was set as impermeable. The default K0 condition, which has 277 

been proved to be suitable for normally consolidated soil state, was utilized in this study. Soft 278 

Soil Creep (SSC) model is widely used to analyze the settlement of soft soils exhibiting creep 279 

(Stolle, et al., 1999), and is also adopted in this study. The multi-staged loading was applied, 280 

as listed in Table 2, and total duration was 36500 days to make sure the consolidation was 281 

completed for all simulated cases. 282 

 283 

3.2 Calculation Procedures of New Simplified Hypothesis B Method and Hypothesis A 284 

Method 285 

3.2.1 For the Calculation of Stage 1 Loading 286 



  

 - 14 -

The total soil layer was firstly divided into sublayers with a thickness of 0.5m for each. Initial 287 

and final effective stresses of each sublayer can be obtained as below: 288 

 '
0,z i soil w iz      (26) 289 

' ' '
1, 0, 1,z i z i z i       (27) 290 

' '
, 0,zp i z i OCR     (28) 291 

where soil  represents the unit weight of soils, w  is water unit weight, taken as 9.81 kN/m3, 292 

iz  is the middle depth of i-th sublayer, '
1,z i  is the vertical stress increment of stage 1 293 

loading, and OCR is the value of over-consolidation ratio (details can be referred to Manual 294 

of Plaxis, 2015 version). Then, the stress state of each sublayer can be determined by 295 

comparing the pre-consolidation pressure with the final effective stress, i.e. Eq. (2) was used 296 

for the sublayer in OCS, and Eq. (3) was utilized for the sublayer in NCS. Afterwards, the 297 

consolidation settlement was computed by Eqs. (4) ~ (7). 298 

 299 

Subsequently, Eqs. (10), (12), and (13) were adopted to calculate the final creep strain of 300 

stage 1 loading and Eq. (16) to obtain the delayed creep strain for the sublayer in OCS. 301 

Similarly, when the sublayer is in NCS, Eqs. (11), (14) and Eq. (17) were used for final creep 302 

strain and delayed creep strain, respectively. Next, the creep settlement can be calculated with 303 

the help of Eqs. (9), (15), and (8). It should be noted that the creep strain will stay at the exact 304 

value of , 1,creep t i  after the time becomes larger than t1 for the stage 1 loading. 305 

 306 

3.2.2 For the Calculation of Stage 2, 3, or 4 Loading 307 

The initial effective stress of each sublayer is the final effective stress of stage 1 loading, 308 

'
1,z i . And the final effective stress of each sublayer was updated for stage 2 loading, 309 

expressed as: 310 
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' ' '
2, 1, 2,z i z i z i       (29) 311 

Importantly, the pre-consolidation pressure in stage 2 loading was also re-determined using 312 

Eq. (18). Next, the sequences of consolidation settlement and creep settlement calculation 313 

were repeated. Table 3 lists a summary of calculation results in Case III with OCR=2 314 

including stage 1 loading and stage 2 loading for a reference. For the calculation of settlement 315 

under stage 3 and 4 loadings, all the key points were the same as those in stage 2 loading. 316 

 317 

Lastly, the total consolidation settlement was obtained by summing the consolidation 318 

settlement and creep compression under all the staged loadings, using Eq. (1). A schematic 319 

diagram of the calculations for the new simplified method is provided in Figure 4.  320 

 321 

3.3 Verification of the New Simplified Method by Finite Element Analysis 322 

The calculation results using the new simplified method and Hypothesis A method are 323 

compared with finite element simulations for all the cases described above. The certain time 324 

at t= 36500 days is set as the special time points to examine the accuracy and performance of 325 

the simplified method as well as Hypothesis A. 326 

 327 

3.3.1 Consolidation durations effect 328 

Figures 5, 6, and 7 display the comparison between the calculation results from the new 329 

simplified method and finite element simulation results of 4m soil layers subjected to 330 

two-staged instant loading (Case I) for OCR=1, 1.5, and 2, respectively. The construction 331 

period of both stage 1 and stage 2 loadings is 0.1 day. The consolidation duration of stage 1 332 

loading, t1, varies from 365 days, 730 days, to 3650 days. 333 

 334 

As shown in Figure 5, under stage 1 and 2 loadings, Hypothesis A method obviously 335 
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underestimates the total settlement for all three different consolidation durations when 336 

OCR=1. Comparatively, the calculated results of the new simplified method are very close to 337 

the simulation results of Plaxis due to the updated pre-consolidation pressure using the 338 

“equivalent time” concept for each sublayer in stage 2 loading (in Eq. (19)). This, further, 339 

indicates that the new simplified method can correctly determine the total consolidation 340 

settlement including creep compression. The same observation is found in Figures 6 and 7, 341 

which compare the calculation results of the new simplified method, Hypothesis A method, 342 

and finite element modelling results for OCR=1.5 and 2. Taking the finite element 343 

simulations as the references, the values of relative error for Hypothesis A method and the 344 

new simplified method are calculated and listed in Table 4. It is found that all relative errors 345 

of this new simplified method are within 5.7%, which is satisfactory in the geotechnical 346 

design. This means that the influence of consolidation duration of the staged loading is 347 

correctly considered in this new simplified method. Correspondingly, the values of relative 348 

error for Hypothesis A method in Case I are from 23.3% to 43.1%. 349 

 350 

3.3.2 Construction period effect 351 

The consolidation settlements using the new simplified method and Hypothesis A method are 352 

compared with the finite element simulations for the soft soils subjected to three different 353 

two-staged ramp loadings (Case II listed in Table 2) in Figures 8, 9, and 10. 354 

 355 

The consolidation duration of stage 1 loading is 3650 days. Similarly, the calculated results of 356 

the new simplified method are very close to the finite element results under both stage 1 357 

loading and stage 2 loading. The obvious underestimations of Hypothesis A method in stage 2 358 

loading are found for all cases. As listed in Table 4, relative errors of the new simplified 359 

method, in this case, are within 0.9% ~ 5.1%, while those of Hypothesis A method vary from 360 
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29.8% to 43.1%. All the comparisons of Figures 8, 9, and 10 indicate that the new simplified 361 

method can correctly capture the creep compression in the construction stage and it possesses 362 

advantages in applying for the soil layers subjected to the ramp loading under both OCS 363 

andNCS. 364 

 365 

3.3.3 Multi-staged applied loadings effect 366 

In this part, the soft soil layers subjected to two-staged, three-staged, and four-staged ramp 367 

loadings are investigated and the calculated results are compared with the finite element 368 

modelling results, as plotted in Figures 11, 12, and 13. 369 

 370 

Obviously, there is a good agreement between the results from the new simplified method and 371 

finite element simulations, whereas an underestimation of Hypothesis A method is found. The 372 

underestimation of Hypothesis A method is the reason that the creep is only considered after 373 

the consolidation stage. In the FEM, the creep is only related to the effective stress and the 374 

coupled equations of consolidation and creep are solved by using Newton-Raphson method. 375 

In the new simplified method, there is a bit overestimation of the total settlement after the 376 

consolidation stage, comparing with the FE simulations. This is the reason that the new 377 

simplified method is directly calculated from the final effective stress by simply taking a 378 

parameter of . Table 4 lists the representative values of the relative error using Eq. (25). The 379 

relative errors of the new simplified method are in the range of 3.8% ~ 10.9%. Again, 380 

Hypothesis A method underestimates the settlement by 25.1%~51.2%. In the Case IV and 381 

Case V, this new simplified method can reasonably determine more than 2 staged loading in 382 

the calculation (as shown in Figures 12 and 13). Thus, the results comparison and relative 383 

errors demonstrate that the new simplified method can be used to represent the finite element 384 

modelling of consolidation settlement of soils under the multi-staged ramp loading. 385 
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 386 

4.  THE APPLICATION OF NEW SIMPLIFIED METHOD IN BERTHIERVILLE 387 

TEST SITE 388 

In this section, the new simplified method was applied in the Berthierville test site to calculate 389 

the settlement during the consolidation of the clayey soil layer subjected to three-staged 390 

loading.  391 

 392 

4.1 Field Condition of Berthierville Test Site 393 

As reported by Kim and Leroueil (2001), the creep oedometer tests and the constant rate of 394 

strain (CRS) tests were conducted to determine the values of the creep coefficient, 395 

compressibility index, and rebounding index. Based on the back-calculation, the parameter 396 

values of new simplified method are listed in Table 1. For the creep oedometer test, the initial 397 

effective stress is 39 kPa and the pre-consolidation pressure is 64 kPa. Figure 14 compares the 398 

measured data of creep oedometer test and the calculated results using the new simplified 399 

method, which confirms that the parameter values are credible. The coefficient of 400 

consolidation corresponding to each applied stress is also shown in Figure 14. 401 

 402 

In Berthierville test site, there are mainly three soil layers: the top layer is a 2.3 m thick sand 403 

layer; the middle layer is a 3.2 thick clayey soil layer, whose values of the parameter are listed 404 

in Table 1; underneath the clayey layer, there are a few meters of the sand layer. Three-staged 405 

ramp loading was added by surcharging the fill material on the sandy layer: the first two days, 406 

the surcharge loading was 10 kPa; then the surcharge loading was increased to 39 kPa within 407 

2 days; after twenty days of the construction, a heavy rain occurred and the surcharge loading 408 

was increased to 44 kPa (Kim and Leroueil, 2001). The groundwater level is 0.9 m above the 409 

clayey soil layer. According to the initial effective stress and measured pre-consolidation 410 
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pressure from Kim and Leroueil (2001), OCR of clayey soil layer is taken as 1.33. Neglecting 411 

the compression of the sand soil layer, the condition of Berthierville test site is a typical case 412 

of soft soil (3.2 m) subjected to multi-staged loading, thus the new simplified method is used 413 

to calculate the consolidation settlement and its result is compared with the measured data. 414 

 415 

The FEM was established for the Berthierville test site based on the information of clayey soil 416 

layer with 3.2 m. The SSC model is used for the clayey soil and the values are listed in Table 417 

1. The top sandy soil layer with 2.3 m in thickness was also modelled and it is set as drained 418 

condition. The bulk density of the sandy soil is 17.5 kN/m3. Details could be referred in 419 

Section 3.1. It should be noted that the bottom of the clayey soil layer is set as drained 420 

because there is sandy soil layer below the soft soil. The loading was applied in three stages 421 

according the above description.  422 

 423 

4.2 The New Simplified Method Calculation and Result Discussion 424 

Dividing the clayey soil layer into eight sublayers with 0.4 m thickness, the calculation 425 

procedures are similar to those in Section 3.2 (details are not repeated). There are two 426 

essentials in the new simplified method calculation: (1) the vertical effective stress due to 427 

gravity of sand layer is estimated as 32.5 kPa and contributes to the initial effective stress of 428 

the clayey soil layer; (2) there is a nonlinear relationship between the permeability and void 429 

ratio, Kim and Leroueil (2001) suggested that a parameter of permeability and void ratio 430 

change to describe the variation of the hydraulic conductivity: 431 

 log logz zo o kk k e e C     (30) 432 

where zok  is the permeability with respect to the initial void ratio oe , kC  is the slope of the 433 

log ze k , taken as 0.865. For the calculation of the new simplified method, the value of 434 

permeability is updated using Eq. (30) based on the change of void ratio of clayey soil under 435 
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each stage loading.  436 

 437 

Figure 14 shows the comparison of calculated settlement using the new simplified method 438 

and measured data in the field. It is found that the calculated settlement agrees fair well with 439 

those measured in the test site, which provides a good representation of a clayey soil layer 440 

subjected to multi-staged loading. The high-quality laboratory tests provide the credible 441 

parameter values in the calculation. Recently, the advanced analysis of the creep parameter 442 

based on the optimization techniques has been reported by Zhou et al. (2018), Yin et al. (2018) 443 

etc. It is recommended that those advanced techniques could be utilized in the new simplified 444 

method to predict the accurate settlement. 445 

 446 

5.  Conclusions 447 

A new simplified method was developed to calculate the consolidation settlement of a soil 448 

layer subjected to the multi-staged loading. In this method, the creep settlement occurs during 449 

and after the consolidation. The equations of de-coupled and delayed creep settlement and 450 

new pre-consolidation pressure in the multi-staged loading were derived in the calculation. 451 

The finite element programs using an Elastic Visco-Plastic model, as a fully coupled 452 

Hypothesis B method, were used to verify this new simplified method and Hypothesis A 453 

method. Main findings and conclusions are drawn based on the derived equations and 454 

comparison of results as follows: 455 

(a) The calculation of creep compression in the new simplified Hypothesis B method was 456 

modified by replacing the “secondary consolidation” settlement with the delayed creep 457 

settlement. The delayed creep settlement can be calculated for the soils under both 458 

over-consolidated state and normally consolidated state. 459 

(b) For one typical soil layer under different multi-staged ramp loadings, it is demonstrated 460 
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that results of the new simplified Hypothesis B method are very close to the finite element 461 

modelling results with relative errors within 10.9%, which is fully complied with the 462 

requirement in engineering design. 463 

(c) Hypothesis A method generally gives a poor consolidation settlement prediction 464 

compared to finite element simulations, especially for the long-term settlement. Thus, 465 

Hypothesis A method may not be competent in predicting the long-term consolidation 466 

settlement of soils subjected to multi-staged loading. 467 

(d) There is a good agreement between the calculated settlement of the new simplified 468 

method and measured data in the Berthierville test site, which demonstrates the feasibility 469 

of this new simplified method.  470 

 471 

To date, the new simplified method has been successfully applied in the calculation of 472 

consolidation settlement of soft soil with creep under a general multi-staged loading. However, 473 

there are still some limitations to be concerned, such as: (a) the soft ground improved by stone 474 

columns (SC), deep cement mixing (DCM) columns, etc.; (b) the long-term nonlinear creep 475 

behavior of soft soils (Yin, 1999; Feng et al., 2017); (c) the settlement is only suitable for 1-D 476 

compression condition, which may encounter the embarrassment when it is used in the large 477 

strain deformation such as self-consolidation condition, vacuum preloading (Feng, et al., 2019; 478 

Ni et al., 2019; Tian, et al., 2019). In the future, further studies in the improved soft ground, 479 

long-term nonlinear creep settlement in the field applications, etc. are going to be put into 480 

practice. 481 

 482 

483 



  

 - 22 -

Disclosure statement 484 

No potential conflict of interest was reported by the authors. 485 

 486 

Acknowledgement 487 

The work in this paper is supported by a CRF project (Grant No.: PolyU 12/CRF/13E) from 488 

Research Grants Council (RGC) of Hong Kong Special Administrative Region Government 489 

(HKSARG) of China, two GRF projects (PolyU 152196/14E; PolyU 152796/16E) from RGC of 490 

HKSARG of China. The authors also acknowledge the financial supports from Research 491 

Institute for Sustainable Urban Development of The Hong Kong Polytechnic University, grants 492 

(1-ZVCR, 1-ZVEH, 4-BCAU, 4-BCAW, 5-ZDAF, G-YN97) from The Hong Kong Polytechnic 493 

University. 494 

495 



  

 - 23 -

References 496 

Bjerrum, L. (1967) Engineering geology of Norwegian normally-consolidated marine clays as 497 

related to settlements of buildings. Géotechnique, 17(2): 83-118. 498 

Craig, R. F. Soil Mechanics. CRC Press, 2004. 499 

Conte, E., and Troncone, A. (2009) Radial consolidation with vertical drains and general 500 

time-dependent loading. Canadian Geotechnical Journal, 46(1): 25-36. 501 

Degago, S. A., Grimstad G. Jostad H.P.  Nordal S. and Olsson M. (2011) Use and misuse of 502 

the isotache concept with respect to creep hypotheses A and B. Géotechnique, 61(10): 503 

897-908. 504 

Feng, J., Ni, P., and Mei, G. (2019). One-dimensional self-weight consolidation with 505 

continuous drainage boundary conditions: Solution and application to clay-drain 506 

reclamation. International Journal for Numerical and Analytical Methods in 507 

Geomechanics, 43(8), 1634-1652. 508 

Feng, W. Q., and Yin, J. H. (2017) A new simplified Hypothesis B method for calculating 509 

consolidation settlements of double soil layers exhibiting creep. International Journal for 510 

Numerical and Analytical Methods in Geomechanics, 41(6): 899-917. 511 

Feng W. Q., and Yin J. H. (2018) A new simplified Hypothesis B method for calculating the 512 

consolidation settlement of ground improved by vertical drains. Int. J. Numer. Anal. 513 

Methods Geomech. 42:295–311. https://doi.org/10.1002/nag.2743.  514 

Feng, W. Q., and Yin, J. H. (2019). Development and Verification of a New Simplified 515 

Method for Calculating Settlement of a Thick Soil Layer with Nonlinear Compressibility 516 

and Creep. International Journal of Geomechanics, 20(3), 04019184. 517 

Feng, W. Q., Lalit, B., Yin, Z. Y., and Yin, J. H. (2017) Long-term Non-linear creep and 518 

swelling behavior of Hong Kong marine deposits in oedometer condition. Computers and 519 

Geotechnics, 84: 1-15. 520 



  

 - 24 -

Feng, W. Q., Zheng, X. C., Yin, J. H., Chen W. B., and Tan D. Y. (2019) Case study on 521 

long-term ground settlement of reclamation project on clay deposits in Nansha of China, 522 

Marine Georesources & Geotechnology, DOI: 10.1080/1064119X.2019.1704319. 523 

Karstunen, M., and Yin, Z. Y. (2010) Modelling time-dependent behaviour of Murro test 524 

embankment. Géotechnique, 60(10): 735-749. 525 

Kim, Y. T., and Leroueil, S. (2001). Modeling the viscoplastic behaviour of clays during 526 

consolidation: application to Berthierville clay in both laboratory and field conditions. 527 

Canadian Geotechnical Journal, 38(3), 484-497. 528 

Lei, G. H., Zheng Q., Ng C. W. W. Chiu A. C. F. and Xu B. (2015) An analytical solution for 529 

consolidation with vertical drains under multi-ramp loading. Géotechnique, 65(7): 530 

531-547. 531 

Lei, G. H., Fu, C. W., and Ng, C. W. W. (2016) Vertical-drain consolidation using stone 532 

columns: an analytical solution with an impeded drainage boundary under multi-ramp 533 

loading. Geotextiles and Geomembranes, 2016, 44(1): 122-131. 534 

Lu, M. M., Xie, K. H., and Wang, S. Y. (2011) Consolidation of vertical drain with 535 

depth-varying stress induced by multi-stage loading. Computers and Geotechnics, 38(8): 536 

1096-1101. 537 

Nash, D. F. T., and Ryde, S. J. (2001) Modelling consolidation accelerated by vertical drains 538 

in soils subject to creep. Géotechnique, 51(3): 257-273. 539 

Nash D, and Brown M. (2013) Influence of Destructuration of Soft Clay on Time-Dependent 540 

Settlements: Comparison of Some Elastic Viscoplastic Models. International Journal of 541 

Geomechanics, A4014004. 542 

Ni, P., Xu, K., Mei, G., and Zhao, Y. (2019). Effect of vacuum removal on consolidation 543 

settlement under a combined vacuum and surcharge preloading. Geotextiles and 544 

Geomembranes, 47(1), 12-22. 545 



  

 - 25 -

Olson, and Roy E. (1977) Consolidation under time-dependent loading. Journal of the 546 

Geotechnical Engineering Division, 103(1): 55-60. 547 

Stolle, D. F. E., Vermeer, P. A., and Bonnier, P. G. (1999) A consolidation model for a 548 

creeping clay. Canadian Geotechnical Journal, 36(4), 754-759. 549 

Terzaghi, K. Theoretical Soil Mechanics. John Wiley & Sons, New York. 1943. 550 

Vermeer, P. A., and Neher, H. P. (1999) A soft soil model that accounts for creep. Beyond 2000 551 

in computational geotechnics, 249-261. 552 

Walker, R., and Indraratna B. (2009) Consolidation analysis of a stratified soil with vertical 553 

and horizontal drainage using the spectral method, Géotechnique, 59, 439–449. 554 

Yao, R., Ni, P., Mei, G., and Zhao, Y. (2019). Numerical analysis of surcharge preloading 555 

consolidation of layered soils via distributed sand blankets. Marine Georesources & 556 

Geotechnology, 37(8), 902-914. 557 

Yin, J. H., and Feng, W. Q. (2017) A new simplified method and its verification for 558 

calculation of consolidation settlement of a clayey soil with creep. Canadian Geotechnical 559 

Journal, 54(3), 333-347. 560 

Yin, J. H., and Graham, J. (1989) Viscous–elastic–plastic modelling of one-dimensional 561 

time-dependent behaviour of clays. Canadian Geotechnical Journal, 26(2): 199-209. 562 

Yin, J. H., and Graham, J. (1994). Equivalent times and one-dimensional elastic viscoplastic 563 

modelling of time-dependent stress–strain behaviour of clays. Canadian Geotechnical 564 

Journal, 31(1): 42-52. 565 

Yin, J. H., and Graham, J. (1996) Elastic visco-plastic modelling of one-dimensional 566 

consolidation. Géotechnique, 46(3), 515-527. 567 

Yin, J.H., and Graham, J. (1999) Elastic visco-plastic modelling of the time-dependent 568 

stress-strain behaviour of soils. Canadian Geotechnical Journal, 36(4): 736-745. 569 

Yin, Z. Y., Chang, C. S., Karstunen, M., and Hicher, P. Y. (2010) An anisotropic 570 



  

 - 26 -

elastic–viscoplastic model for soft clays. International Journal of Solids and Structures, 571 

47(5), 665-677. 572 

Yin, Z. Y., and Hicher, P. Y. (2008) Identifying parameters controlling soil delayed behaviour 573 

from laboratory and in situ pressuremeter testing. International Journal for Numerical and 574 

Analytical Methods in Geomechanics, 32(12): 1515-1535. 575 

Yin, Z. Y., and Karstunen, M. (2008) Influence of anisotropy, destructuration and viscosity on 576 

the behavior of an embankment on soft clay. In The 12th International Conference of 577 

International Association for Computer Methods and Advances in Geomechanics 578 

(IACMAG). Goa, India: 4728-4735. 579 

Yin, Z. Y., Karstunen, M., Wang, J. H., and Yu, C. (2011) Influence of features of natural soft 580 

clay on behaviour of embankment. Journal of Central South University of Technology, 581 

18(5), 1667. 582 

Yin, Z. Y., Jin, Y. F., Shen, J. S., and Hicher, P. Y. (2018). Optimization techniques for 583 

identifying soil parameters in geotechnical engineering: comparative study and 584 

enhancement. International Journal for Numerical and Analytical Methods in 585 

Geomechanics, 42(1), 70-94. 586 

Zhou, W. H., Tan, F., and Yuen, K. V. (2018). Model updating and uncertainty analysis for 587 

creep behavior of soft soil. Computers and Geotechnics, 100, 135-143. 588 

Zhu, G. F., and Yin, J. H. (1999) Consolidation of double soil layers under depth-dependent 589 

ramp load. Géotechnique, 49(3): 415-421. 590 

Zhu, G. F., and Yin, J. H. (2000) Finite element consolidation analysis of soils with vertical 591 

drain. International Journal for Numerical and Analytical Methods in Geomechanics, 592 

24(4): 337-366. 593 

Zhu, G. F., and Yin, J. H. (2005) Solution charts for the consolidation of double soil layers. 594 

Canadian geotechnical journal, 2005, 42(3): 949-956. 595 



  

 - 27 -

Zhu, G. F., Yin, J. H., and Graham, J. (2001) Consolidation modelling of soils under the test 596 

embankment at Chek Lap Kok International Airport in Hong Kong using a simplified 597 

finite element method. Canadian Geotechnical Journal, 38(2): 349-363. 598 




