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Abstract: This paper presents a numerical model, called CS-EVP, for the consolidation of layered 28 

soft soils, including soil self-weight and time-dependent compressibility effects. CS-EVP was 29 

developed using the piecewise-linear method for large strain consolidation and elastic visco-30 

plastic model for time-dependent soil compressibility. The model accounts for vertical strain, soil 31 

self-weight, nonlinear hydraulic conductivity and compressibility, nonlinear creep with limited 32 

creep strain, and time-dependent surcharge and/or vacuum loading for layered heterogeneous 33 

soils. The accuracy of CS-EVP is verified by comparing calculated values with the results from 34 

finite element simulations and a large-scale laboratory vacuum consolidation test of soft soil 35 

slurry. Lastly, simulated settlements and excess pore pressure profiles are compared with field 36 

measurements for embankment loading in Väsby, Sweden. The results indicate that CS-EVP 37 

provides good estimates of long-term large-strain consolidation under both laboratory and field 38 

conditions.  39 

 40 

Keywords: Layered soil; Finite strain; Consolidation; Elastic visco-plastic; Nonlinear creep; 41 

Piecewise-linear.  42 
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Introduction    43 

The subsurface conditions for many coastal cities and land development sites often include thick 44 

layers of soft compressible soil (Shen et al. 2005; Feng et al. 2021). Similar materials (e.g., 45 

dredged slurry) also are used for offshore land reclamation due to the increasing cost and shortage 46 

of high-quality granular fill (Chu et al. 2009). In such cases, preloading methods involving 47 

surcharge, vacuum, or both, are used to increase the strength and stiffness of soft soil materials 48 

over a wide area. The design of a preloading treatment requires estimates of in situ pore pressures 49 

and settlement through time and still presents a challenge, especially when long-term secondary 50 

compression must be predicted. 51 

The classical Terzaghi (1925) theory for soil consolidation, widely used in practice, assumes 52 

small vertical strain, constant hydraulic conductivity, and linear and time-independent 53 

compressibility for the soil and provides an analytical solution for the rate of consolidation of a 54 

single soil layer under instantaneous surcharge loading. Based on similar assumptions, analytical 55 

solutions for the consolidation of layered soils were presented by Schiffman and Stein (1970). 56 

Lee et al. (1992) dispensed with the combined parameter of coefficient of consolidation and 57 

developed an analysis based on independent parameters for soil compressibility and hydraulic 58 

conductivity. Other valuable contributions, including models with depth-dependent ramp loading 59 

(Zhu and Yin 1999a), variable soil compressibility (Xie et al. 2002), and new solution methods 60 

for consolidation equations (Chen et al. 2005; Hazzard et al. 2008; Kim and Mission 2011), also 61 

have been developed for consolidation analysis of layered soils. 62 
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Finite strain consolidation theory was developed to account for changing layer thickness 63 

during the consolidation process, which can be important for soft soils. General mathematical 64 

expressions based on material coordinates were presented by Gibson et al. (1967) and include 65 

nonlinear soil compressibility and hydraulic conductivity. Based on this approach, methods were 66 

developed to incorporate soil self-weight (Gibson et al. 1981; Lee and Sills 1981) and staged 67 

loading (Cargill 1984), and fully explicit analytical solutions were presented by Xie and Leo 68 

(2004). Finite strain consolidation analysis also has been conducted using alternate approaches, 69 

such as the finite element method (Carter et al. 1979), multiplicative decomposition technique 70 

(Borja and Alarcón 1995; Borja et al. 1998; Zhao and Borja 2020), and piecewise-linear method 71 

(Yong et al. 1983; Townsend and McVay 1990; Fox and Berles 1997). Of these, the piecewise-72 

linear models are more flexible in terms of initial conditions, boundary conditions, spatial 73 

nonlinearity, and material heterogeneity. Fox and Berles (1997) proposed the piecewise-linear 74 

finite strain model CS2 for the one-dimensional consolidation of a single soil layer, with further 75 

enhancements presented by Fox and Pu (2012). Based on the CS2 method, a series of models 76 

have been developed to include the treatment of accreting soil layers (Fox 2000), radial 77 

consolidation (Fox et al. 2003), centrifuge conditions (Fox et al. 2005), coupled consolidation and 78 

solute transport (Fox 2007; Fox and Lee 2008), constant strain rate (Pu et al. 2013), electro-79 

osmotic consolidation (Zhou et al. 2013), consolidation and solute transport in layered soil 80 

systems (Fox et al. 2014; Pu and Fox 2015), and consolidation of unsaturated soils (Qi et al. 2017; 81 

Qi et al. 2020). The development of these models provides a reliable basis for simulation of a 82 

wide range of large-strain consolidation conditions. Most finite strain consolidation models 83 
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assume time-independent soil compressibility. Gheisari et al. (2021, 2022) incorporated elastic 84 

visco-plastic constitutive equations into the large-strain consolidation framework presented by Qi 85 

et al. (2017, 2020) to model the consolidation and creep behaviors of saturated oil sands tailings 86 

under self-weight loading; however, this work does not take in to account layered heterogeneity, 87 

nonlinear creep, and various loading conditions.   88 

The compressibility of soft soil exhibits time-dependent effects, such as creep and strain rate 89 

dependency, that are typically not included in consolidation theory (Yin et al. 2002; Feng et al. 90 

2020), and researchers have proposed methods to take these effects into account. Šuklje (1957) 91 

originally proposed the isotach model to represent strain rate-dependent soil compressibility in 92 

an effective stress-strain diagram using a set of parallel constant strain rate lines (called isotachs). 93 

Šuklje also stated that the strain rate (i.e., reflecting the change rate of void ratio) is given by the 94 

prevailing effective stress and strain. Instead of parallel constant strain rate lines, Bjerrum (1967) 95 

used a group of parallel “time lines” to express the relationship between effective stress, void 96 

ratio, and time, and also assumed that the “delayed compression” (i.e., creep) rate is given by the 97 

current void ratio and effective stress. In Bjerrum’s work, no general mathematical expressions 98 

were provided and the method is only applicable for instantaneous loading conditions. Based on 99 

the concept of “time lines”, Yin and Graham (1989) proposed a one-dimensional (1D) Elastic 100 

Visco-Plastic (EVP) constitutive model with one general mathematical equation for the time-101 

dependent stress-strain relationship of clayey soils, which was further described by Yin and 102 

Graham (1994). The EVP model was subsequently incorporated into consolidation equations by 103 

Yin and Graham (1996) to simulate consolidation settlement and excess pore pressure of clay 104 
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under multi-stage loading. A review article by Zdravkovic and Carter (2008) highlighted the EVP 105 

model as a pivotal step forward in the modelling of soil creep effects. Perrone (1998) developed 106 

a finite element model, called CONSOL97, for elastic visco-plastic consolidation of layered soils. 107 

Similarly, Zhu and Yin (1999b) developed a finite element model for one-dimensional EVP 108 

consolidation analysis of layered soils. More recently, an EVP consolidation analysis model was 109 

developed by Chen et al. (2021) for time-dependent settlement calculation of layered clays. The 110 

above elastic visco-plastic consolidation models are based on infinitesimal strain theory and are 111 

not applicable for large strain consolidation analysis. 112 

In general, soil consolidation models can be divided into two categories, i.e., methods based 113 

on Hypothesis A and methods based on Hypothesis B. Hypothesis A assumes that creep effects 114 

occur only after the end of primary (EOP) consolidation stage and thus the vertical strain at the 115 

end of primary consolidation is the same regardless of layer thickness. In other words, the strain-116 

effective stress relationship for the soil skeleton is unique (time-independent) in the primary 117 

consolidation period (without viscous compression); but becomes dependent on time (with 118 

viscous/creep compression) after primary consolidation. This is very clearly a contradiction since 119 

the time-dependence of the strain-effective stress relationship for the soil skeleton is fixed for one 120 

soil. In addition, the soil element in the zone close to the drainage boundary reaches the EOP 121 

quickly so that the “secondary” (creep) compression occurs quickly even though the average 122 

degree of consolidation is still much less than 95% to 100%. This means that according to the 123 

average degree of consolidation, the soil is still in the period of “primary” consolidation, but, soil 124 

elements close to the drainage boundary have exhibited viscous/creep compression. This is 125 
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another evidence that the assumption of Hypothesis A is wrong. On the other hand, Hypothesis B 126 

assumes that viscous compression occurs during and after the primary consolidation and thus the 127 

vertical strain at the end of consolidation is larger for thicker layers due to the additional time 128 

required for the consolidation process and the resulting greater accumulation of viscous 129 

compression. Methods presented by Yin and Graham (1996), Perrone (1998), and Zhu and Yin 130 

(1999b) include a time-dependent constitutive equation in the fully coupled consolidation model 131 

and thus support Hypothesis B. These methods may be called fully coupled rigorous Hypothesis 132 

B methods to distinguish them from the recently presented simplified Hypothesis B methods (Yin 133 

and Feng 2017, Feng and Yin 2017, Chen et al. 2021).  134 

Several researchers investigated the consolidation of various soft soils exhibiting 135 

viscous/creep behavior from physical model tests. Berre and Iversen (1972) observed that total 136 

consolidation settlements at the end of primary consolidation were dependent on the thickness of 137 

the clay, meaning that Hypothesis A underestimated soil consolidation settlements. Imai and Tang 138 

(1992) performed two sets of experiments on clay specimens using inter-connected 139 

consolidometers to effectively create the effect of different total soil thicknesses. In one set of 140 

tests, load increments were applied immediately after primary consolidation and, in the other set, 141 

loads were applied after 24 hours. Imai and Tang (1992) concluded that the incremental nominal 142 

strain-effective stress relationships from the former and later tests support Hypothesis A and 143 

Hypothesis B, respectively, and that creep compression occurs throughout the consolidation 144 

process. Degago et al. (2011) pointed out that physical model test data should be presented as 145 

absolute nominal strain vs. effective stress and, when done in this way, from the data from Imai 146 
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and Tang (1992) and a few other papers support, in fact, Hypothesis B. Mesri and Choi (1987) 147 

developed the concept of a constant Cae/Cc ratio (i.e., ratio of secondary compression index Cae 148 

to compression index Cc) for different soil types. Mesri et al. (1995) and Mesri (2003) then 149 

combined this concept with Hypothesis A to model soil consolidation and secondary compression 150 

behavior. Using the isotache method, Leroueil (2006) indicated that the Cae/Cc ratio is likely not 151 

a constant value but decreases with decreasing strain rate. Leroueil et al. (1985) found a unique 152 

relationship between effective stress, strain, and strain rate throughout the consolidation and 153 

secondary compression stages that supports Hypothesis B. Degago et al. (2011) reviewed the 154 

various isotache models and relevant experimental investigations and found that all data from 155 

measurements and numerical simulations with a time-dependent stress-strain relationship 156 

supported the validation of the rigorous Hypothesis B method. 157 

Based on CS2 model proposed by Fox and Berles (1997) and the 1D EVP constitutive model 158 

proposed by Yin and Graham (1989; 1994), this paper presents a one-dimensional (1D) piecewise-159 

linear model for large strain consolidation analysis of multilayered soils using an extended 1D 160 

Elastic Visco-Plastic (EVP) model, called a CS-EVP. CS-EVP can accommodate effects of large 161 

vertical strain, nonlinear creep with creep limit, variable hydraulic conductivity during the 162 

consolidation process, variable boundary conditions, and time-dependent loading due to self-163 

weight and surcharge and/or vacuum for a layered soil system. The capabilities of CS-EVP are 164 

demonstrated through a comparison of results with the commercial software PLAXIS and with 165 

the measurements from a large-scale laboratory slurry consolidation test. Finally, CS-EVP results 166 
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are compared with measurements of settlement and excess pore pressure for layered clays taken 167 

at the field loading site in Väsby, Sweden, over a 55-year period.  168 

Model Description 169 

Geometry  170 

The geometry for the CS-EVP model is presented in Fig. 1. A total number of R saturated 171 

homogeneous soil layers with an initial height of H1o, H2o, … and HRo, respectively, are treated 172 

as idealized two-phase materials in which soil particles and pore water are assumed to be 173 

incompressible. The term “homogeneous” refers to the constitutive relationships for each soil 174 

layer and not the vertical distributions of initial void ratio and initial vertical effective stress. Fig. 175 

1(a) presents the initial geometry prior to loading at time t = 0. Vertical coordinate z, layer 176 

coordinate m, and element coordinate j are defined as positive-upward from a fixed datum at the 177 

bottom boundary of the soil layers. The first, second, …, and Rth layers are uniformly subdivided 178 

into Rj,1, Rj,2, …, and Rj,R elements, respectively, and thus the whole soil column has a total number 179 

of elements ,1

R

jT j mm
R R

=
= . Elements in a given layer have unit cross-sectional area, constant 180 

initial height (e.g., L1o, L2o, and LRo), and a central node located at an initial elevation (e.g., z2,n-1 181 

for element 2,n-1). Nodes remain at the center of their respective elements and translate vertically 182 

during the consolidation process, as shown in Fig. 1(b). Top and bottom boundaries may be 183 

undrained, freely drained, or vacuum drained. For the drained cases, constant total head values, 184 

ht and hb, relative to the datum, are specified for the top and bottom boundaries, respectively. 185 

When different, these specified head values create the effect of an external hydraulic gradient 186 
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across the layers. Both the distributions of initial void ratio and initial vertical effective stress 187 

within the layers are assigned by the user prior to the start of calculation.   188 

Constitutive Relationships 189 

The 1D Elastic Visco-Plastic (1D EVP) constitutive model presented by Yin and Graham (1989, 190 

1994) is extended in this paper and implemented in the CS2 model framework originally proposed 191 

by Fox and Berles (1997). The extended 1D EVP model represents a time-dependent relationship 192 

between void ratio e and vertical effective stress   . In deriving the original 1D EVP model by 193 

Yin and Graham (1989, 1994), as shown in Fig. 2, the strain of the “instant time” line (elastic) 194 

e  in Eq. 1, the strain of the “reference time” line r  in Eq. 2, and creep strain (time-dependent) 195 

vp  in Eq. 3, are expressed as follows:  196 

( )/ ln /e e

i iV     = +                          (1) 197 

( )/ ln /r r

o roV     = +                         (2) 198 

( )/ ln /vp

o e oV t t t =  +                          (3) 199 

where  ,   and   refer to slopes of the “instant time” line with ( )ln / i   , the “reference 200 

time” line with ( )ln / ro   , and the creep line with ( )ln /o e ot t t+   , respectively; V denotes the 201 

specific volume (1+e); i   is a unit-reference effective stress for the “instant time” line and ro   202 

is similar to a pre-consolidation pressure and is a stress point on the “reference time” line; 
e

i  203 

and 
r

o  are the strains corresponding to effective stresses i   and ro  , respectively; et  refers 204 

to the equivalent time, and ot  denotes a soil parameter.  205 

According to the “equivalent time” concept and the EVP model framework (Yin and Graham 206 

1989; 1994), the total vertical strain at any stress state is given by: 207 
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( ) ( )/ ln / / ln /r vp r

o ro o e oV V t t t        = + = + + +               (4) 208 

and the corresponding void ratio is: 209 

( ) ( )ln / ln /r

o ro o e oe e t t t    = − − +                       (5) 210 

Conversely, once the stress and strain state of the soil are known, the equivalent time et  can be 211 

determined as  212 

 ( ) ( )
/

exp / /r

e o o o rot t t e e
 

  
−

   = − + −
 

                  (6)
 213 

Fig. 2 shows the elastic visco-plastic ee t − −  constitutive relationship. In response to the 214 

applied vertical stress increment d , the decrease of void ratio de after a period of consolidation 215 

time dt is given as  216 

e vp vpde de de d de





= + = +


                      (7) 217 

where ede  refers to the reduction of void ratio due to increase of elastic strain, and vpde  is the 218 

total reduction of void ratio due to creep strain.  219 

The rate of void ratio change e  is determined as  220 

e vp
e vp de de de

e e e
dt dt dt

= + = = +                        (8) 221 

where /e ee de dt=  is the elastic strain rate and /vp vpe de dt=  is the visco-plastic strain rate. 222 

According to the “equivalent time” concept (Yin and Graham 1989; 1994), the creep rate from 223 

the reference time line is /vp

ede dt . For the same strain-effective stress state point, the two visco-224 

plastic strain rates are equal, that is, / /vp vp vp

ee de dt de dt= = . Combining Eqs. 6 and 8 gives 225 

/

exp
rvp vp

o

e o e o ro

e ede de

dt dt t t t

 

  

 

  −
= = =   

+   
               (9) 226 

and substituting Eqs. 8 and 9 into Eq. 7, the change of void ratio for a period of time dt can be 227 

calculated as 228 
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/

exp
r

o

o ro

e e
de d dt

t

 

  


  

  −
= +   

   
                 (10) 229 

Eq. 10 is a general relationship of ede d dt − −  for the elastic visco-plastic model used in 230 

CS-EVP. Six soil parameters (i.e.,  ,  ,  , ro  , 
r

oe , and ot ) are required as input values. 231 

For normally consolidated soils, oe  can be used as 
r

oe . Once the decrease of void ratio de  for 232 

time increment dt  is known, the change of effective stress can be determined as 233 

/

exp
r

o

o ro

e e
d de dt

t

 

  


  

    −
  = −   
    

                (11) 234 

For constant creep parameter   , Eq. 3 indicates that creep strain becomes infinite for 235 

infinite time, which would overestimate long-term settlement. To overcome this limitation, Yin 236 

(1999) proposed a nonlinear creep function with limited creep strain as follows 237 

( ) ( )

( ) ( )

/ ln /

1 / ln /

o o e ovp

vp

o L o e o

V t t t

V t t t




 

+  =
 + +   

                    (12) 238 

where o  is a constant and corresponds to the initial value of   in Eq. 3 at 0et = , and 
vp

L  239 

denotes the limit of creep strain (Fig. 2). Then, the total vertical strain at any stress state is 240 

( ) ( )

( ) ( )

/ ln /
ln

1 / ln /

o o e or vp r

o vp
ro o L o e o

V t t t

V V t t t

 
   

  

+    = + = + + 
  + +     

          (13) 241 

From Eq. 13, the equivalent time te for nonlinear creep is given by  242 

( ) ( )( )
exp

/ 1 /

r
e o o vp

o r L

t t t
V

 

   

 −
 = − +

− −  

                  (14) 243 

where ( )/ ln /r r
o roV     = + . Differentiating Eq. 12 with equivalent time te (Eq. 14) gives 244 

( ) ( )
( )( )

2

1 exp
1 /

r rvp
o

vp r vp
e o oL L

d V

dt Vt

   

   

  − −
  = +
   + −
    

             (15) 245 

and the corresponding rate of void ratio change is:  246 
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( )

2

1
1 exp

1 /

vp r r

o

vp r vp
e o L oL

de e e e e

dt t e e e e





  − −
 = + 
 + −   

                (16) 247 

where ( )ln /r r

o roe e    = +  , and 
vp

Le   corresponds to 
vp

L   and is the void ratio at limiting 248 

creep strain as shown in Fig. 2. Similarly, / /vp vp

ede dt de dt=  based on the “equivalent time” 249 

concept, and applying Eq. 16 to Eq. 7, the change of void ratio for nonlinear creep is determined 250 

as 251 

( )

2

1
1 exp

1 /

r r

o

vp r vp
o L oL

e e e e
de d dt

t e e e e




 

  − −
  = + + 

  + −   

           (17) 252 

The relationship between the change of void ratio and the increment of effective stress with 253 

nonlinear creep is determined from Eq. 17 and expressed as 254 

( )

2

1
1 exp

1 /

r r

o

vp r vp
o L oL

e e e e
d de dt

t e e e e

 


 

    − −
   = − +  

  + −    

         (18) 255 

where ( )ln /r r

o roe e    = +  , and 
vp

Le   corresponds to 
vp

L   and is the void ratio at limiting 256 

creep strain as shown in Fig. 2. 257 

Three parameters, ot , 
vp

Le , and o , are used to characterize the nonlinear creep behaviour, 258 

and these parameters can be determined through curve fitting using oedometer results (Yin 1999). 259 

The nonlinear creep equation can be expressed as ( ) ( )ln / / 1/ 1/ ln /vp

o o o L o ot t t t t t   +   = +  +     , 260 

where    represents the strain increase caused solely by creep, excluding any instantaneous 261 

strain, and t is the creep time corresponding to  . The strain observed after the dissipation of 262 

excess pore pressure corresponds to the creep strain in oedometer tests, enabling direct 263 

determination of    and t   from the oedometer test data. The selection of ot   is typically 264 

predetermined in the curve-fitting process, and the measured data of    and t are used to 265 

calculate the relationship between the normalized ratio ( )ln / /o ot t t  +     and ( )ln /o ot t t +   . 266 
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For an appropriate ot , a straight line and fitting equation can be obtained with x and y coordinates 267 

correspond for ( )ln /o ot t t +     and ( )ln / /o ot t t  +     , respectively. Ultimately, 
o   and vp

L  268 

can be determined from the constant coefficient of the best fitting equation.  269 

The hydraulic conductivity constitutive relationship for CS-EVP, as shown in Fig. 3, is 270 

defined by Rt pairs of corresponding vertical hydraulic conductivity k and void ratio e, e.g., 271 

( )1 1,e k , ( ),t te k  and ( ),Rt Rte k . Similar to CS2, any desired form of the hydraulic conductivity 272 

relationship can be represented (Fox and Berles 1997).  273 

Vertical Stress 274 

The vertical total stress   for each element is calculated by  275 

( )
,

, ,

, , , , ,

12

j mt t R

m j m jt t t t t

m j o m j t w m x m x

x j

L
q h H L


   

= +

= +  + − + +               (19) 276 

where w  refers to the unit weight of pore water; th  is total head at the top boundary; tH  is 277 

the total height of soil layers at time t; 
,

t

m jL  is the thickness of element m, j at time t; and 
,

t

m j  278 

is the saturated unit weight of element m, j at time t. Then, following the effective stress principle, 279 

the pore pressure for element m, j at time t, ,
t
m ju , can be determined as 280 

, , ,
t t t
m j m j m ju   = −                              (20) 281 

Flow and Settlement  282 

The equivalent vertical hydraulic conductivity between adjacent element nodes m, j and m, j+1 is 283 

computed as 284 

( ), , 1 , , 1

, ,

, , 1 , 1 ,

t t t t

m j m j m j m jt

s m j t t t t

m j m j m j m j

L L k k
k

L k L k

+ +

+ +

+
=

+
                      (21) 285 
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where 
, ,

t

s m jk  is the equivalent series hydraulic conductivity between nodes m, j and m, j+1 and 286 

,

t

m jk  is the hydraulic conductivity for element m, j at time t. 287 

The relative motion of solid and fluid is considered and the flow rate 
, ,

t

rf m jv  from node m, j 288 

to m, j+1 is 289 

, , , , ,

t t t

rf m j s m j m jv k i= −                               (22) 290 

where 
,

t

m ji   is the hydraulic gradient from node m, j to node m, j+1 291 

( ) ( ), , 1 , , 1 ,/t t t t t

m j m j m j m j m ji h h z z+ += − −  and ,

t

m jh  is the total hydraulic head at node m, j  292 

,

, ,

t

m jt t

m j m j

w

u
h z


= +                              (23) 293 

For the bottom boundary, the hydraulic gradient is 1, 0t

oi =   for impervious boundary; 294 

( )1, 1,1 1,1/t t t

o bi h h z= −   for freely drained boundary and ( )1, 1,1 1,1/ /t t t t

o wi h p z= −   for vacuum 295 

drained boundary, where 
tp  is the vacuum applied at time t. Similarly, for the top boundary, 296 

the corresponding hydraulic gradients for impervious, freely drained, and vacuum drained 297 

boundaries are 0
jT

t

Ri =  , ( ) ( )/
jT jT jT

t t t t

R t R Ri h h H z= − −   and ( ) ( )/ /
jT jT jT

t t t t t

R w R Ri p h H z=  − −  , 298 

respectively. Once the flow rates are known, considering only vertical strain, the updated 299 

thickness and void ratio for element m, j at time t+∆t are determined as 300 

 
, , , , , , 1( )t t t t t

m j m j rf m j rf m jL L v v t+

−= − −                       (24) 301 

, , ,

,

(1 )
1

t t

m j o m jt t

m j

mo

L e
e

L

+

+
+

= −                          (25) 302 

and the change of void ratio for time increment ∆t is calculated as  303 

, , ,

t t t t

m j m j m je e e + = −                           (26) 304 
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The value of 
,

t

m je   from Eq. 22 is used in Eq. 11 or Eq. 18 to calculate the change of 305 

effective stress corresponding to time increment ∆t. For small values of time increment, dt in Eqs. 306 

11 and 18 is considered equal to ∆t, and thus e de = . At time t+∆t, the total settlement of soil 307 

layers t tS +  is calculated as  308 

,

,

1 1

j mRR
t t t t

o m j

m j

S H L+ +

= =

= −                          (27) 309 

Time Increment  310 

CS-EVP uses explicit time integration with time increment t   calculated at each time step 311 

according to three constraints. The constraints of numerical stability and accurate time integration 312 

of discharge velocity near drainage boundaries are expressed as (Fox and Berles 1997)    313 

( )
( )

( )
( )( )

2

, , , , ,

, , , , , , , , 1

0.0001
min ,

1 1

t t
w v m j m j mo o m j af

t t t t
m j m j o m j rf m j rf m j

a L L e e
t

k e e v v



−

 
− 

 =  
+ + − 

 

        (28) 314 

where  = 0.4, , ,
t
v m ja  refers to the coefficient of compressibility , ,/t t

m j m je   , and afe  is the 315 

final void ratio with a recommended value of 0.1. This final void ratio cannot be calculated from 316 

the compressibility relationship a priori due to the time-dependency effect and must be assumed 317 

as an approximate value. Loading schedules (i.e., 
tq   and 

tp  ) are considered as a third 318 

constraint to determine t . CS-EVP then uses the minimum t  to advance the computation 319 

forward for all elements. 320 

 321 
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Model Validation  322 

Comparison with PLAXIS 323 

The performance of the CS-EVP model is demonstrated using two examples of soil consolidation 324 

and results are compared with results from the finite element software PLAXIS 2D. The initial 325 

mesh geometry of two examples for PLAXIS is shown in Fig. 3 and soil input parameters are 326 

provided in Table 1. Example 1 involves a three-layer soil column with a total initial height of 10 327 

m and the initial heights of interior layers 1, 2, and 3 of 4 m, 4 m, and 2 m, respectively. For 328 

example 2, three single-layer soil columns with initial heights of 4 m, 8 m, and 12 m are 329 

investigated, with soil parameters from the top soil layer in example 1 used for all columns in 330 

example 2. A surcharge of 20 kPa is applied to the top of columns at time t = 0 and held constant 331 

thereafter. The top boundary is drained and bottom boundary undrained. Strain occurs only in the 332 

vertical direction and side friction is neglected. The PLAXIS simulation used an updated mesh 333 

and pore pressure analysis to account for large strains and the soft soil creep model (SSC) to 334 

account for time-dependent strains. The relationship between hydraulic conductivity and void 335 

ratio, which is the only available nonlinear k-e relationship in PLAXIS, is expressed as 336 

( )/
10 o ke e C

ok k
−

=                             (29) 337 

where ko is the initial hydraulic conductivity corresponding to initial void ratio eo and Ck is the 338 

hydraulic conductivity change index. Noted that CS-EVP can accommodate essentially any 339 

desired k-e form. 340 

The settlement versus time relationships for each layer in the soil column of example 1, as 341 

obtained from CS-EVP and PLAXIS, are shown in Fig. 4(a). At t = 1×106 days, total settlements 342 
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at the top of layers 1, 2, and 3, are 1.21 m, 2.43 m, and 3.13 m, respectively, and yield average 343 

vertical strains of 30.3%, 30.4%, and 31.3%. These strains decrease slightly with depth due to the 344 

lower initial void ratio (due to soil self-weight). The results from CS-EVP and PLAXIS are in 345 

good agreement, with slightly higher settlements calculated using CS-EVP. Corresponding values 346 

of excess pore pressure within the column are shown in Fig. 4(b). Excess pore pressures dissipate 347 

more quickly closer to the top drainage boundary as expected and again show close agreement 348 

with the PLAXIS simulation. An excess pore pressure slightly higher than the applied load is 349 

indicated in the early consolidation phase for both CS-EVP and PLAXIS simulations, especially 350 

for elevations away from the drainage boundary. This effect was first simulated in the EVP 351 

consolidation model reported by Yin et al. (1994) and results from effective stress relaxation in 352 

the soil prior to pore water drainage. In general, excess pore pressures obtained from CS-EVP are 353 

slightly higher than from PLAXIS, which is consistent with the slightly higher settlements and 354 

average vertical strains for CS-EVP in Fig. 4(a). 355 

For the same example 1, CS-EVP is used to investigate the sensitivity of consolidation 356 

behaviour to nonlinear creep parameters. In the analysis, a controlled variable approach is used, 357 

wherein one of the nonlinear creep parameters is modified while keeping the other two parameters 358 

constant. For the nonlinear creep simulations, values of creep parameter o  are set equal to   359 

(Table 1). Settlement relationships at the top of layer 1 (zo = 4 m) and top of layer 3 (zo = 10 m) 360 

using various values of 
vp

Le , ot , and o , are shown in Fig. 5. Constant creep and nonlinear creep 361 

settlements agree well at early time but diverge later during the consolidation stage, with the 362 

divergence increasing for smaller 
vp

Le . Similar patterns are observed in numerical simulations 363 
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with different ot   and o  . A smaller long-term settlement is observed for a larger ot   and a 364 

smaller o . This occurs because the nonlinear creep strain decreases gradually with increasing 365 

elapsed time. The parameters 
vp

Le   and o   have a more significant influence on long-term 366 

consolidation settlements, compared to parameter ot . Currently, PLAXIS is limited to a constant 367 

creep. 368 

CS-EVP and PLAXIS results for the three columns of example 2 are presented in Fig. 6. 369 

Settlement relationships for the top boundaries of the columns are shown in Fig. 6(a) and indicate 370 

larger settlement for larger initial column height. Corresponding plots for excess pore pressure at 371 

the bottom (impervious) boundary are shown in Fig. 6(b) and indicate faster dissipation for the 372 

shorter columns due to the reduced drainage path. Plots of average vertical strain (i.e., 373 

settlement/Ho) are shown in Fig. 6(c) and indicate that the strain associated with the end of 374 

primary (EOP) consolidation increases with initial column height. This finding is consistent with 375 

Hypothesis B and results from accumulating time-dependent visco-plastic strain within the soil 376 

skeleton during the consolidation process. The three plots in Fig. 6 also indicate close agreement 377 

between CS-EVP and PLAXIS results.  378 

 379 

Comparison with Laboratory Slurry Consolidation Test 380 

A large-scale laboratory consolidation test of a high-water-content soil slurry was performed to 381 

further demonstrate the capability of CS-EVP. Hong Kong marine deposits obtained from a 382 

dredging project in Tuen Mun, Hong Kong were utilized for the test. The soil deposits had a 383 

natural water content of approximately 90% (i.e., 1.5 times the liquid limit) and are classified as 384 
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CH, fat clay according to the Unified Soil Classification System (ASTM D2487-17). Soil 385 

properties are provided in Table 2. 386 

The testing apparatus, shown in Fig. 7, consisted of eight cylindrical plexiglass segments, 387 

each with an internal diameter of 170 mm, wall thickness of 10 mm, and height of 100 mm, giving 388 

a total cylinder height of 800 mm. A valve was installed at the mid-height of each segment to 389 

permit the collection of small slurry samples during consolidation for soil water content 390 

determination. Settlement at the top of the soil column was measured throughout the test. 391 

Consolidation occurred from soil self-weight and vacuum applied at the base of the specimen 392 

using a prefabricated horizontal drain (PHD), which created a one-dimensional consolidation 393 

condition. The PHD was connected to an air-water separator and vacuum pump. The column was 394 

freely drained at the top boundary with a plastic film placed over the top to reduce desiccation. 395 

The initial water content of the soil slurry was 265%, which is approximately 4 times the 396 

liquid limit. The well-mixed slurry was poured into the test apparatus to an initial height of 800 397 

mm at time t = 0. The initial void ratio profile, as determined from measured water contents, is 398 

shown in Fig. 8. The top value is slightly higher than at the bottom value due to the rapid 399 

sedimentation of larger particles. The slurry specimen was allowed to consolidate under self-400 

weight for 4 days with a no flow condition at the bottom boundary. Over the next 33 days, vacuum 401 

was applied to the bottom boundary in three increments of -20 kPa, -40 kPa and -80 kPa, as shown 402 

in Fig. 9. 403 

CS-EVP simulations were conducted for the same laboratory consolidation test with Ho = 404 

0.8 m, Gs = 2.63,   = 0.0005,   = 0.711,   = 0.012, and to = 1440 min based on additional 405 
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results from an oedometer test. A uniform initial void ratio eo = 6.96 was specified based on the 406 

average of measured water contents (Fig. 8). Initial values of vertical effective stress and 407 

hydraulic conductivity for the slurry were back-calculated using oedometer test results, giving408 

o ro  = = 0.016 kPa and ko = 1.7 × 10-6 m/s. Three values of Ck = 1.68, 1.78, and 1.88, which are 409 

within the range of back-calculated values shown in Table 2, were selected for simulations. The 410 

top boundary was freely drained during the entire simulation period and the bottom boundary was 411 

impermeable during the self-weight consolidation stage and pore pressure-controlled after the 412 

application of vacuum. A total of 30 elements were used for each soil layer in the CS-EVP 413 

simulations. 414 

Fig. 10 presents settlement versus time relationships obtained from the slurry consolidation 415 

test and CS-EVP simulations for three values of Ck. Total settlements after 4 days of self-weight 416 

consolidation and 33 days of self-weight and vacuum consolidation are 0.1 m and 0.45 m, 417 

respectively, corresponding to average vertical strains of 12.5% and 56.3%. The plot indicates 418 

that the rate of consolidation significantly increases after the application of vacuum to the bottom 419 

boundary. The settlement relationship obtained from CS-EVP with Ck = 1.78 is in close agreement 420 

with the experimental measurements throughout the test. Corresponding relationships obtained 421 

using Ck = 1.68 and 1.88 indicate slower and faster consolidation rates during the vacuum 422 

consolidation stage, respectively. Final settlement increases with increasing Ck because greater 423 

creep occurs with the overall larger effective stress in the slurry column during the testing period. 424 

During the self-weight consolidation stage, simulated consolidation rates show little divergence, 425 

and are slightly slower than the observed rate due to the assumption of constant Ck.  426 
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Profiles of soil void ratio are presented in Fig. 11 along with simulated values from CS-EVP 427 

with three values of Ck. During the self-weight consolidation stage (i.e., t = 2 days and t = 4 days), 428 

void ratios are relatively uniform with slightly lower values near the top. The void ratios estimated 429 

by CS-EVP with different values of Ck are highly consistent and exhibit higher in the top section 430 

and slightly lower in the bottom section during this stage, compared to the measured data. After 431 

the application of vacuum starting at t = 4 days, void ratios near the bottom boundary begin to 432 

decrease rapidly and, over time, produce a strong void ratio gradient across the column. 433 

Simulations of CS-EVP with higher Ck results in slightly smaller estimated void ratios in the soil 434 

profiles, corresponding to larger simulated settlements. There are potentially three reasons for the 435 

difference between the measured and estimated void ratios: (a) inconsistencies between the 436 

assumed initial void ratio used in simulations and the actual void ratio profile; (b) potential 437 

measurement errors in the water content data used to calculate the void ratio, as well as variations 438 

in Gs within the soil profile; (c) the constant values of Ck and   may not accurately capture the 439 

significant variations in void ratio during the large-strain consolidation process. Corresponding 440 

profiles from CS-EVP are generally in close agreement with the experimental measurements, 441 

especially for the latter stages of the test. The overall good agreements between measured and 442 

simulated results in Figs. 10 and 11 indicate that CS-EVP captured important results of this large-443 

strain slurry consolidation test, including the effects of soil self-weight, creep, and variable 444 

compressibility and hydraulic conductivity.  445 
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Field Case Study 446 

A second analysis was performed using CS-EVP for the field embankment test site in Väsby, 447 

Sweden. Well-instrumented field consolidation tests were conducted by the Swedish 448 

Geotechnical Institute (SGI) for site selection of a new airport. Three test embankments were 449 

constructed at the Väsby site from 1946 to 1948, with settlements and pore pressures measured 450 

thereafter for several decades. The long-term behavior of one of the test embankments, 451 

constructed without vertical drains in October 1947, is the focus of this case study. The subsurface 452 

consists of a series of thick clay layers, including at least four types of soft clay, with high water 453 

content and compressibility. A thin layer of medium grey sand lies below the clay layers and 454 

provides drainage at the bottom, thus yielding a double drained system for the site.  455 

The gravel test embankment was constructed with a height of 2.5 m, bottom dimensions of 456 

30 m × 30 m, 1V:1.5H side slopes, and an average unit weight of 16.2 kN/m3. Consolidation at 457 

the center of embankment was considered essentially one-dimensional due to the large 458 

dimensions of the fill. The embankment was constructed over a 25-day period and thus provided 459 

a ramp-load surcharge with a final total vertical stress of 40.6 kPa, as shown in Fig. 12. 460 

According to the site investigation data, the compressible soil profile had a total depth of 14 461 

m under the fill and consisted of green organic clay, dark grey organic clay, black organic clay, 462 

dark grey organic clay, dark grey clay, grey clay, and grey varved clay in sequence from top to 463 

bottom. The natural water content of the clay layers was approximately equal to the liquid limit 464 

(70%-130%) and gradually decreased from top to bottom. For the CS-EVP analysis, the soil 465 

profile was divided into 15 layers with parameters obtained from previous studies (Chang 1981; 466 
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Larsson and Mattsson 2003; Le 2015; Chen et al. 2021), as indicated in Table 3. Unfortunately, 467 

the oedometer test results were not provided, making it impossible to determine the nonlinear 468 

creep parameters (i.e., ot  , o  , and 
vp

Le  ) from the available data. Consequently, three sets of 469 

nonlinear creep parameters were assumed for the numerical analysis. In the case of a specific soft 470 

soil, it has been observed that the values of 
vp

Le  and o  decrease as the ot  increases (Yin and 471 

Zhu 2020). This factor was also accounted for during the parameter assumptions, with ot  values 472 

of 60 min, 120 min, and 720 min being assumed, corresponding to o  values of 0.082, 0.072, 473 

0.062, and corresponding 
vp

Le  values of 0.32(1+eo), 0.30(1+eo), and 0.28(1+eo). Typically, ot474 

is chosen at a time point following the end of primary (EOP) consolidation. The o  values were 475 

determined based on the commonly used ratio of the coefficient of secondary compression to the 476 

compression index (Mesri and Godlewski 1977). Additionally, a simulation was also conducted 477 

without considering creep using the elastic-plastic constitutive equation and the parameters 478 

provided in Table 3.    479 

Long-term consolidation of the clay layers was monitored using settlement plates at the 480 

ground surface (elevation zo = 14 m), screw-type settlement markers installed at elevation zo = 481 

11.5 m, 9 m, and 6.5 m, and piezometers installed at various depths. Measured time-settlement 482 

relationships from the field test are compared with CS-EVP simulations in Fig. 13. After 20,000 483 

days, settlements of 2.02 m, 1.72 m, 1.39 m, and 0.94 m were measured at zo = 14 m, 11.5 m, 9 484 

m, and 6.5 m, respectively, and yield relatively consistent values of average vertical strain equal 485 

to 14.4%, 15.0%, 15.4%, and 14.5%. The field data also indicate that settlement was continuing 486 

at t = 20,000 days for each elevation. Simulated settlement relationships obtained using CS-EVP 487 
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with ot =120 min, o = 0.072, and 
vp

Le =0.30(1+eo) are in closer agreement on each plot. The 488 

simulations with ot =60 min and 720 min resulted in slight overestimation and underestimation 489 

of the long-term settlement, respectively. Simulation that did not account for creep substantially 490 

underestimated the long-term settlements, providing evidence of the importance of considering 491 

creep in long-term consolidation analysis of soft soil layers.  492 

Larsson and Mattsson (2003) reported that the original piezometers became unreliable and 493 

new piezometers were installed in 1968. Subsequent pore pressure measurements were also 494 

obtained in 1979 and 2002. Measured and simulated excess pore pressure profiles are compared 495 

in Fig. 14 and show maximum excess pore pressures of 30 kPa, 22 kPa and 13 kPa, after 21, 32, 496 

and 55 years, respectively. The simulated excess pore pressure profiles with ot =120 min again 497 

show closer agreement with field measurements. Simulations conducted with different creep 498 

parameters exhibit a variation of around 10 kPa (1/4 of the surcharge load) in the maximum excess 499 

pore pressure, indicating a high sensitivity of excess pore pressure dissipation to nonlinear creep 500 

parameters. Smaller value of ot  , corresponding to larger 
vp

Le   and o  , results in a reduced 501 

dissipation rate of simulated excess pore pressure. This phenomenon can be attributed to the larger 502 

simulated settlements associated with smaller ot , which in turn leads to smaller simulated void 503 

ratios and consequently smaller hydraulic conductivity. Simulated excess pore pressures without 504 

considering creep dissipate at a noticeably faster rate compared to the measured data, further 505 

highlighting the importance of considering creep.  506 

 507 



 

26 

 

Conclusions   508 

This paper presents a one-dimensional finite strain consolidation model for layered soft soils, 509 

called CS-EVP, that combines the elastic visco-plastic (EVP) constitutive model with a creep 510 

limit and the piecewise-linear CS2 method. The following conclusions are drawn: 511 

(1) The CS-EVP accounts model for vertical strain, soil self-weight, nonlinear hydraulic 512 

conductivity, variable drainage boundary conditions, and multiple soil layers. The EVP 513 

constitutive model for the time-dependent compression of the soil skeleton considers 514 

nonlinear creep with a limit creep strain and is based on the equivalent time concept (Yin and 515 

Graham 1989, 1994). 516 

(2) The performance of the CS-EVP model was validated through a comparison of results from a 517 

fully coupled finite element model (PLAXIS) for consolidation of single-layer and multilayer 518 

1D soil columns. Settlement relationships and excess pore pressure profiles obtained from the 519 

two models are in close agreement. Both models support Hypothesis B and indicate that time-520 

dependent compressibility (creep) effects have a significant influence on both short- and long-521 

term settlements, especially for thicker soil layers due to the longer consolidation time. Long-522 

term settlement decreases with a smaller specified value of limit creep void ratio.   523 

(3) Results from the CS-EVP model also are compared with experimental measurements from a 524 

large-scale laboratory slurry consolidation test, involving large strain, soil self-weight, and 525 

variable drainage and boundary conditions, including applied vacuum. After 37 days of self-526 

weight and vacuum consolidation, the thickness of the slurry decreased from 800 mm to 350 527 
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mm, yielding an average vertical strain of 56%. Settlements and void ratio profiles obtained 528 

from CS-EVP are in close agreement with laboratory measurements.  529 

(4) The CS-EVP model was used to simulate the long-term settlement behaviour an embankment 530 

constructed at the field test site in Väsby, Sweden, in 1947. Simulated settlements at different 531 

depths and excess pore pressure profiles obtained using CS-EVP are in close agreement with 532 

field measurements over a 55-year period. 533 
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va  coefficient of compressibility  

cC  compression index 

eC  secondary compression index in void ratio 

kC  index of change in hydraulic conductivity 

e  void ratio 

vp

Le  limit value of creep void ratio 

afe  assumed final void ratio for determining of time increment 

sG  specific gravity of solids 

h  total water head 

th  total water head at top boundary 

bh  total water head at bottom boundary 

moH  initial height of the mth soil layer 

H  height of soil layer 

i  hydraulic gradient 

pI  plasticity index 

j  coordinate of element 

k  coefficient of permeability  

sk  equivalent coefficient of permeability 

moL  initial thickness of element for the mth soil layer 

L  thickness of element 

R number of soil layers 
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,j mR  number of elements for the mth soil layer 

jTR  number of elements for all layers 

S  settlement 

t  time 

et  equivalent time 

ot  parameter for choice of reference time line 

u  pore pressure  

V  specific volume 

rfv  discharge velocity of fluid relative to solid phase 

pw  plastic limit 

z  vertical coordinate 

p  change in vacuum  

q  change in incremental load 

,t dt  time increment 

,d   strain increment 

,e de  change in void ratio 

,d    change in effective stress  

  saturated unit weight 

w  unit weight of pore water 

  total stress 

o   initial effective stress 
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   effective stress 

i   unit effective stress 

ro   parameter similar to pre-consolidation pressure 

e

i  strain at i  =  

r

o  strain at ro  =  

  the slope of instant time line with ( )ln / i    

  the slope of a reference time line with ( )ln / ro    

  the slope of a creep line with ( )ln /o e ot t t+    

o  the slope of a creep line with ( )ln /o e ot t t+    for nonlinear creep at t = 0 

e  instant strain 

r  stress-dependent plastic strain 

vp  creep strain 

vp

L  limit value of creep strain 

Superscripts 715 

t  time  

Subscripts 716 

,m j  jth element of mth layer  
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Fig. 1. CS-EVP geometry for: (a) initial condition and (b) configuration after start of consolidation  744 
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(a) 745 

(b) 746 

Fig. 2. Soil constitutive relationships for: (a) elastic visco-plastic compressibility, and (b) hydraulic 747 

conductivity 748 
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  752 

Fig. 3. Initial mesh for PLAXIS simulation of consolidation of a three-layer soil column and single-753 

layer soil columns with different initial heights  754 
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Fig. 4. Comparison of CS-EVP and PLAXIS simulation results for consolidation of a three-layer 757 

soil column: (a) settlement and (b) excess pore pressure 758 
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Fig. 5. Parameter-sensitive analysis of CS-EVP simulations with nonlinear creep: (a) vp
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Fig. 6. Comparison of CS-EVP and PLAXIS simulation results for consolidation of single-layer 767 
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Fig. 7. Large-scale laboratory slurry consolidation test apparatus 771 
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Fig. 9. Vacuum preloading schedule for laboratory slurry consolidation test  777 
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Fig. 11. Measured and simulated void ratio profiles for slurry consolidation test at: (a) t = 2 days, (b) 782 

t = 4 days, (c) t = 6 days, (d) t = 8 days, (e) t = 18 days, and (f) t = 30 days 783 
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Fig. 12. Surcharge loading schedule for a test embankment at Väsby field site 785 
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Fig. 13. Measured and simulated settlement relationships with time for a test embankment at Väsby 789 

field site: (a) zo = 14 m, (b) zo = 11.5 m, (c) zo = 9.0 m and (d) zo = 6.5 m 790 
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Fig. 14. Measured and simulated excess pore pressure profiles for a test embankment at Väsby field 794 

site: (a) year 1968, (b) year 1979 and (c) year 2002 795 
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Table 1. Soil parameters for consolidation analysis of a three-layer soil column 797 

Layer 

No. 

Ho 

(m) 
      

oe  o   

(kPa) 

ro   

(kPa) 
kC  

ok  

(m/min) 

ot  

(min) 

1 4 0.0005 0.161 0.059 1.88 1 10 0.8 3.63×10-7 1440 

2 4 0.0317 0.301 0.052 2.01 1 10 0.9 3.66×10-7 1440 

3 2 0.0548 0.269 0.058 2.48 1 10 1.1 3.15×10-7 1440 

  798 
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          Table 2. Soil properties for Hong Kong marine deposits 799 

Property Range of Values 

Specific gravity of solids, Gs 2.59-2.68 

Particle size distribution (%) 

 

Sand 7.6-16.3 

Silt 58.8-63.7 

Clay 18.6-28.0 

Liquid limit, wL 59.9-67.7 

Plasticity index, Ip 32.7-38.3 

a Compression index, Cc  1.38-2.21 

a Secondary compression index, Ce 0.01-0.03 

b Hydraulic conductivity change index, Ck 0.9-1.9 

a from oedometer test with loading range of 0.025 kPa to 100 kPa 800 

b back-calculated value   801 

  802 
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Table 3. Soil properties for layered clays at Väsby test site (after Chen et al., 2021) 803 

Layer 

No. 

Elevation, 

z (m) 

Ho 

(m) 

    eo 
o   

(kPa) 

ro   

(kPa) 

ko 

(×10-8 

m/min) 

Ck 

1 0-0.5 0.5 0.026 0.261 1.38 52.5 57 6.50 0.9 

2 0.5-1.5 1.0 0.033 0.328 1.6 50.7 59.2 6.53 0.8 

3 1.5-2.4 0.9 0.046 0.46 1.88 46.9 59.9 6.53 1.3 

4 2.4-3.9 1.5 0.059 0.592 2.17 43.5 63.1 6.53 1.3 

5 3.9-4.5 0.6 0.036 0.355 1.99 37.9 53.9 9.00 1.11 

6 4.5-5.5 1.0 0.036 0.355 1.99 35.6 46.2 6.25 1.21 

7 5.5-6.5 1.0 0.037 0.365 2.01 31.9 47.9 5.97 1.31 

8 6.5-7.4 0.9 0.037 0.365 2.01 28.1 38.9 9.07 1.45 

9 7.4-8.5 1.1 0.051 0.505 2.48 24.8 30.3 5.90 1.35 

10 8.5-9.5 1.0 0.051 0.505 2.48 20.6 30.7 6.33 1.35 

11 9.5-10.5 1.0 0.049 0.494 2.79 16.9 24.1 6.80 1.5 

12 10.5-11.5 1.0 0.040 0.401 2.9 13.1 19.1 6.29 1.31 

13 11.5-12.4 0.9 0.054 0.536 3.26 9.4 13.7 6.54 1.4 

14 12.4-13.2 0.8 0.037 0.369 2.9 6 17.9 10.73 1.3 

15 13.2-14.0 0.8 0.037 0.369 2.9 3 12.3 10.93 1.3 

 804 

 805 




