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Large-strain self-weight consolidation of dredged sludge 1 

Hao Zhang1; Sijie Liu2; Honglei Sun3; Yuanqiang Cai4; Xueyu Geng5; Xiaodong Pan6; 2 

Yongfeng Deng7 3 

Abstract: Prediction for self-weight consolidation of dredged sludge is important for its reuse in civil 4 

engineering applications. In this work, considering the special non-linear relationships of e-k and e-σ′ 5 

for dredged sludge, Gibson’s large strain consolidation equation was modified to simulate the self-6 

weight consolidation process of dredged sludge. Using the finite difference method (FDM), the 7 

influences of four main parameters, including initial height, initial void ratio, void ratio at liquid limit 8 

and specific gravity of soil particles, on the consolidation process of dredged slurry were analyzed. 9 

For the above four parameters, the self-weight consolidation of dredged slurry is most sensitive to the 10 

variation of void ratio at liquid limit, while its response to the change of specific gravity of soil particles 11 

is relatively subtle. Consolidation behaviors under other commonly used constitutive models were also 12 

calculated for comparison. It was found that the total settlement obtained by the present relation is 13 

larger than the results obtained using typical nonlinear constitutive relations, and the speed of 14 

consolidation is higher.  15 

Key words: large-strain; self-weight consolidation; dredged sludge; non-linear; constitutive relations 16 
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Introduction 17 

With the continuous progress of urbanization, a large volume of dredged sludge is produced by 18 

dredging rivers, ports and harbors, causing land occupation and environmental pollution problems (He 19 

et al. 2020; Lang et al. 2020a). In engineering applications, reusing treated dredged sludge as reclaimed 20 

soils, backfilling or building materials can solve the problems effectively (Wang et al. 2019; Lang et 21 

al. 2021). However, the dredged sludge typically contains high water content and rich organic matter, 22 

leading to its low strength and high compressibility (Du et al. 2019; Lang et al. 2020b, He et al. 2020; 23 

Wang et al. 2020). In engineering practice, before subsequent treatment on the dredged fills using 24 

vacuum pressure or other methods, self-weight consolidation is usually proceeded to form enough 25 

strength to withstand the instrument and equipment (Wang et al. 2020). Therefore, predicting the self-26 

weight consolidation process of these slurries is important in deciding when the following 27 

improvement starts. 28 

Several models have been developed to study the one-dimensional consolidation process, of 29 

which the most widely used ones are the infinitesimal strain model proposed by Terzaghi (1924) and 30 

the finite strain model introduced by Gibson et al. (1967; 1981). Terzaghi’s (1924) one-dimensional 31 

small strain consolidation theory is based on some simplified assumptions, making the form simple 32 

but limiting the range of applications. Mikasa (1965) found that Terzaghi’s small strain consolidation 33 

theory cannot depict the consolidation characteristics in a series of consolidation tests and attributed 34 

the inaccuracy to the ignorance of self-weight stress in Terzaghi’s theory. Removing the small strain 35 

assumption and considering the self-weight, Gibson et al. (1981) established the large strain 36 

consolidation equations in the flow coordinate system with consideration of coordinate error caused 37 
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by the soil’s excessive settlement, which is more realistic. 38 

Constitutive relation is also crucial for the analysis of soil consolidation characteristics. Different 39 

constitutive models are based on different conditions, and may only be applicable to specific soil types 40 

(Schiffman et al. 1994). Lee and Sills (1981) used the linear 'e −  relationship ( 0' ( )e e = − ) and 41 

linear e k−   relationship ( 0 ( 1)fk k e= +  ) in a soft fill’s large-strain self-weight consolidation 42 

problem to obtain an analytical solution, which is convenient, but the linearization goes beyond the 43 

soil properties. To better describe the actual consolidation process, assuming the consolidation 44 

coefficient is constant, some people adopted the nonlinear variations of compressibility and 45 

permeability, in the forms of v ( ') / (1 )m e e= −   +   (Davis and Raymond 1965), loge p−  , 46 

(1 )n

v Fk k bu= +   (Barden and Berry 1965), 0/p E np = +   (Wei 1993), and some others (Mikasa 47 

1965; Cargill 1984; Mcvay et al. 1987; Hawlader et al. 2008; Xie et al. 2009; Chai et al. 2014). 48 

However, the constant consolidation coefficient has a limited range of applications, and is basically 49 

reasonable for inorganic soils. For other soils, such as soft clay, the decreasing of consolidation 50 

coefficient in the consolidation process is not negligible (Poskitt 1969). Then, many models taking all 51 

the changes in compressibility, permeability and consolidation coefficient into account occurred, 52 

solving the consolidation problem in a more practical way (Fox and Berles 1997; Papanicolaou and 53 

Diplas 1999; Rujikiatkamjorn et al. 2007; Fox and Pu 2012; Pu et al. 2020). In the past decades of 54 

researches on soil’s consolidation, the typical semi-logarithmic log 'e − , loge k−  model (Talylor 55 

1948; Mesri and Rokhsar 1974, Kessel and Kesteren 2002; Feng et al. 2019) and double-logarithmic 56 

log log 'e − , log loge k−  model (Carrier 1984; Yao et al. 2002; Pu et al. 2020) were most widely 57 

accepted among these nonlinear consolidation models. However, their applicability in dredged slurries 58 
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has been questioned in recent years, due to the much higher water contents of dredged slurries than 59 

other soil types. Hong et al. (2010) and Cao et al. (2014) conducted a series of one-dimensional 60 

consolidation tests on different dredged sludges reconstituted at various initial water contents. They 61 

found that the relationships of 'e −  and e k−  for clays with high initial water content, such as 62 

dredged sludge, were not the simple logarithmic types. The initial void ratio and void ratio at liquid 63 

limit play important roles in determining the relationships. However, these kinds of nonlinear 64 

compressibility and permeability models have not been considered in the self-weight consolidation of 65 

dredged sludge yet. 66 

In this paper, a self-weight consolidation model was developed considering the special non-linear 67 

variations of permeability and compressibility for dredged sludge under large strain assumption. 68 

Gibson’s one-dimensional large strain consolidation governing equation was discretized and solved by 69 

the finite difference method (FDM), in which the Crank-Nicolson difference format was chosen for its 70 

excellent stability and accuracy. Influences of four main parameters (initial height, initial void ratio, 71 

void ratio at liquid limit, and specific gravity of soil particles) on the consolidation process and the 72 

differences between various constitutive models in this model were further analyzed, to provide 73 

support for the settlement prediction in future projects. 74 

 75 

Model description 76 

The present constitutive model 77 

Hong et al. (2010) conducted a series of tests on the soils with high water contents and 78 

summarized a special 'e −  relationship, considering several parameters that are not commonly used 79 
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in the compression models. Different from the typical semi-logarithmic or double-logarithmic models 80 

with only one smooth compression curve, the inverse ‘S’-shaped compression curve in Hong et al.’s 81 

(2010) model can be well represented by two straight lines in the bilogarithmic plot. The effective 82 

vertical stress corresponding to the intersection point of the two straight lines in the bilogarithmic 83 

graph is called suction pressure 's , which has a unique relationship with the normalized initial void 84 

ratio relative to the void ratio at liquid limit 0 / Le e   (Hong et al., 2010). Meanwhile, intrinsic 85 

compression index *

cC   and void ratio at the effective vertical stress of 100 kPa *

100e   are also 86 

considered, both of which are affected by the initial water content and liquid limit (Hong et al., 2010). 87 

These soil properties that are not involved in the traditional models make this model more distinctive. 88 

Furthermore, based on Hong et al.’s (2010) work, an e k−   relationship and an extended 'e −  89 

relationship were proposed by Cao et al. (2014) in forms of Eqs. (1)-(2), and the expressions of 'e −  90 

differ under the conditions of ' 's    and ' 's   . For a more accurate description, the 91 

compression relation of dredged clays was partitioned into two parts with the remolded yield stress as 92 

the dividing point. The diagrams of the permeability and compressibility models reported by Cao et al. 93 

(2014) are shown in Fig. 1, units in cm/s and kPa. 94 
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               (2) 96 

where, Le  is the void ratio at liquid limit, 
*

100e  is void ratio of the reconstituted clays at the effective 97 

vertical stress of 100 kPa, *

cC  is termed the intrinsic compression index, and 's  is the remolded 98 

yield stress (i.e. suction pressure). These parameters can be estimated using the following empirical 99 
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equations when test results are not available (Hong et al. 2010). 100 

2 3

100 0.109 0.679 0.089 0.016L L Le e e e = + − +                      (3)
 

101 

0.256 0.04c LC e = −                                     (4) 102 

2

0' 5.66 / ( / )s Le e =                                    (5) 103 

Governing equation 104 

Based on the flow coordinate system, the governing equation of large strain consolidation with 105 

void ratio as the main variable in Gibson et al. (1981) is: 106 

d ( ) ( ) d '
1 0

d 1 (1 ) d

s

f f

k e e k e e e

e e z z e e z t

 

 

       
 − + + =      +   +        

                   (6) 107 

where, e   is void ratio, k   is the vertical permeability coefficient, s   and f   are the solid and 108 

liquid gravity of the soil respectively, '   is the effective stress, t   is time, z   is the time-109 

independent coordinate, and the relation between z   and the actual position of soil plane a   is 110 

0/ 1/ (1 )dz da e= + . The reduced coordinate z  was measured from the bottom plane, so the negative 111 

sign in Eq. (6) must be taken. 112 

For the convenience of calculation, Eq. (6) was transformed and simplified as: 113 
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e e e e
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                               (7) 114 
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2

0(1 )

(1 )f

k e
D

e

+
=

+
                                      (11) 119 

and, A , B , C , D , '  and k  are all functions of the void ratio e  (Gibson et al. 1981). 120 

Initial and boundary conditions 121 

Assuming soils are homogeneous at the beginning of consolidation, the initial condition is: 122 

0 0( ,0) ,     0e a e a a=                                    (12) 123 

The upper boundary is considered as a free drainage boundary, so the boundary condition can be 124 

written as: 125 

0 0( , ) ,    0e a t e t=                                      (13) 126 

where, 0a  is the total thickness of the soil. 127 

Supposing the bottom of the slurry is an undrained boundary, the change rate of the excess pore 128 

water pressure u  with space coordinate a  at the boundary is zero. That is: 129 

0 0a

u u

a a




=

  
= =

  
                                   (14) 130 

where,   is the convective coordinate changing with a  and t . The relationship between   and 131 

a  is (Gibson et al. 1981): 132 

        

0

1

1

e

a e

 +
=

 +
                                      (15) 133 

According to Peter and Smith (2002), the partial derivative of u  to   is: 134 
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The expression of the compression factor va  is: 136 
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                 (17) 137 

Substituting Eqs. (15)-(17) into Eq. (14), the undrained boundary condition is: 138 

0

0(1 )

s f

a v

e
a

a e

 
=

−
=

 +
                                 (18) 139 

 140 

Finite difference solution 141 

Many numerical methods, such as FDM, FEM, DQM, are convenient to solve the partial 142 

differential equations (Alimirzaei et al. 2019; Al-Furjan et al. 2020a, 2020b, 2020c, 2020d, 2020e；143 

Hirian et al. 2021). In this paper, the FDM was adopted, which is often used in the consolidation 144 

problems. In the FDM, the soil is divided into I  sublayers with a thickness of a  for each sublayer, 145 

and the vertical distance from any sublayer’s upper surface to the datum plane is a i a=  . Time is 146 

divided into J  small time periods t , and the time corresponding to the end of any time period is 147 

t j t=   [Fig. 2]. Ekolin (1991) proved the convergence and stability of the Crank-Nicolson difference 148 

scheme, when the mesh parameters ( ,I J ) are greater than 65. For every case in this paper, a  is 0.1 149 

m, t  is 0.001 a (i.e. year). Thus, the values of I  and J  in each group are all much larger than 150 

the recommended value. The correctness is guaranteed. 151 

Crank-Nicolson type difference scheme is used to discretize Eq. (7) as: 152 
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           (19) 153 

Classifying Eq. (19) by time nodes, the transformation below is available: 154 

12 2
1 1 1 1 1

1 1 1 1 1 11 1 1

1
1 1 2

1 11

2 1 2 1 ( )
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     (20) 155 

The discrete point form of the initial condition is: 156 

0

0ie e=                                          (21) 157 

The discrete point forms of the single-sided drainage boundary conditions are: 158 

1 0

j

Ie e+ =                                         (22) 159 

0 2

0

2 ( )

1

s fj j j

v

a
e e a

e

  −
= −

+
                          (23) 160 

where, 
1

j

Ie +
  and 

0

je   represent the void ratio of the top and bottom boundaries at a certain time, 161 

respectively. 162 

Putting Eqs. (21)-(23) into Eq. (20), the matrix form of Eq. (20) can be written as: 163 

1
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where, 165 
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       (28) 169 

As mentioned above, here 1K  is: 170 

1

0

=
(1 )

s f

vK a
e

 −

+
                                (29) 171 

According to the initial conditions and the boundary conditions, the void ratio at a certain moment 172 

can be calculated by void ratio at the previous moment which has already been calculated. In addition, 173 

the correct selection of the segmented 'e −  expressions in differential calculation can be realized 174 

by a judgment statement in every step. If the effective stress is smaller than the remolded yield stress, 175 

using the first relation in Eq. (2), otherwise, the second relation is adopted. While in the typical models, 176 

there is no need to make a choice. After a series of cycles, the void ratio at any point in the schematic 177 

diagram [Fig. 2] can be obtained. 178 

Following Gibson et al. (1981), the average degree of consolidation calculated in this paper is 179 

defined by deformation, that is: 180 
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                         (30) 181 

where, tS  is the settlement at time t ; S  is the total settlement when consolidation is completed. In 182 

the difference calculation, they are expressed as: 183 
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 +
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+  
                       (32) 185 

 186 

Model performance 187 

Verification by CS2 model 188 

The change law of void ratios on the height scale is a detailed description of the settlement process 189 

for a specific model, which can intuitively reflect where the soil consolidation mainly occurs at a 190 

certain state. For verification, the predicting process using CS2 is also shown in Fig. 3 to prove the 191 

accuracy of the solution calculated by FDM (Fox and Berles 1997; Fox and Pu 2012). The excellent 192 

agreement of these two solutions is observed in the results. As shown in Fig. 3, in the early stage of 193 

consolidation, the lower soil layers compress and settle while the upper soil layers basically remain 194 

unchanged. As time goes by, the void ratios of higher soil layers begin to decrease, and finally, the 195 

whole soil reaches a stable state. This reveals a mechanism of self-weight consolidation of dredged 196 

silt, starting from the bottom, where the effective stress increases faster. 197 

Comparison with experimental and predicted settlement curves 198 

Bartholomeeusen et al. (2002) conducted a typical settling column experiment to study the 199 

differences of several numerical models on predicting large-strain consolidation behavior of dredged 200 

soil. All the models adopted the Gibson large-strain equation as the basis of development. The 201 

permeability and compressibility relations used in these models are common types of semi-logarithmic 202 

and double-logarithmic. The detailed information of the participants in the comparison is shown in 203 
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Table 1. The soil sample has an initial void ratio of 2.52, a liquid limit of 39% and a specific gravity 204 

of 2.72, from the river Schelde, Belgium. Fig. 4 shows the results of these predictions along with the 205 

experimental observations. It is immediately apparent that all the solutions of the participants show 206 

too fast a consolidation process, with the majority of the settlement complete within 7 days. The 207 

presented model, on the other hand, suggests that settlement is still ongoing at 7 days, consistent with 208 

the measured data. Although a later measurement at 15 days showed that the settlement ceased at 209 

0.410m (Bartholomeeusen et al. 2002), close to the values predicted by the participants, the end times 210 

of consolidation in the predictions are too early to be accepted. In practical engineering, overestimating 211 

the consolidation rate means that the bearing capacity of soil at this time does not meet the 212 

requirements of following operations, which is not allowed, especially for large-scale practices. 213 

Therefore, the presented model is proved to be the better option to describe the large-strain self-weight 214 

consolidation of slurries. The differences that exist among these models can generally be attributed to 215 

the differences in the correlations of permeability and compressibility. That’s exactly what this article 216 

wants to explore. 217 

 218 

Parametric analyses 219 

The initial height, initial void ratio, void ratio at liquid limit and specific gravity of soil particles 220 

are considered to be the main factors affecting soil’s consolidation process in this model. To 221 

statistically observe how these parameters affect the consolidation process, nine sets of parameters 222 

shown in Table 2 were adopted in the following calculation. The values of the parameters selected in 223 

these nine groups above meet the requirements proposed by Hong et al. (2010), which limits the value 224 
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ranges of 0  to 50%-146% and L  to 42%-106%. 225 

Meanwhile, since the typical constitutive models have more simple forms and are still commonly 226 

used to analyze the consolidation behavior of dredged soil (Feng et al. 2019; Pu et al. 2020), 227 

comparisons are made to explore the deviation between different constitutive models. The standard 228 

forms of the classical semi-logarithmic and double-logarithmic models are given here, which are very 229 

concise, only containing void ratio, permeability coefficient, effective stress and some constants, and 230 

are convenient to obtain by simple compression and permeability tests.  231 

semi-logarithmic model 232 

1 1ln( ')e a b= +                               (33) 233 

1 1ln( )e c k d= +                                (34) 234 

double-logarithmic model 235 

 2

2( ')
b

e a =                                 (35) 236 

2

2

dk c e=                                   (36) 237 

where, 1a  , 1b  , 1c  , 1d  , 2a  , 2b  , 2c  , and 2d   are all constants, varying with different calculation 238 

examples. It should be pointed out that, in this article, the parameters in the typical models were 239 

determined by fitting Cao et al.’s (2014) model (i.e. experiment curves), units in m/s and kPa. 240 

The effect of initial height 241 

The influences of soils’ initial heights ( H ) on self-weight consolidation are shown in Figs. 5(a)-242 

5(c). The soils in Groups 1, 2 and 3 have the same parameter values except for the initial heights, which 243 

are 10m, 15m, and 20m respectively. Take the solutions adopting Cao et al.’s (2014) model (SCM) as 244 

an example to analyze the influence of initial height on the settlement process of dredged slurries. 245 
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When the consolidation is completed, the final void ratios at the bottom of the soils for the three groups 246 

are 1.558, 1.445 and 1.368, respectively. And clearly, the greater initial height leads to a smaller final 247 

void ratio along the whole normalized depth, which means the soil becomes denser and stronger. From 248 

the distribution curves of the final void ratio shown in Fig. 5(a), the non-linear variation of the void 249 

ratio is extremely obvious on the height scale. The void ratio decreases as the height drops, while the 250 

void ratio of the top layer keeps constant and equals the initial void ratio. In comparison, the void ratio 251 

changes between the upper soil layers are more evident than that of the lower soil layers. For example, 252 

from the surface to the relative height of 0.8 of the soil sample, the void ratio decreases by more than 253 

60%. From the relative height of 0.8 to the bottom, the void ratio shows a relatively small change. This 254 

is the result of the apparent nonlinear 'e −  relationship of the sludge. The compressibility decreases 255 

with the increase of the effective stress. Thus, the subsoils with greater effective stress change less in 256 

the void ratio. 257 

The total settlements of the three groups are 3.254m, 5.287m and 7.428m, and the corresponding 258 

vertical strains are 32.54%, 35.25% and 37.14% respectively, which increase with the increase of the 259 

initial heights. In the aspect of consolidation speed, the times required to complete 90% of the 260 

consolidation for the three groups are 43.693a, 74.993a and 109.09a, respectively [Fig. 5(c)]. The 261 

impact of initial height on the consolidation speed is significant. From the results it can be known that 262 

the soil sample with a higher initial height has a larger final relative settlement, a greater final average 263 

void ratio, and a lower consolidation speed. This conclusion is also observed in the solutions adopting 264 

the semi-logarithmic model (SSM) and the solutions adopting the double-logarithmic model (SDM), 265 

though the consolidation processes are different from each other. 266 
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Compared with SSM and SDM, the final void ratios at the bottom layers of SCM are 0.970, 0.982 267 

and 0.996 times that of SSM, 0.909, 0.903 and 0.899 times that of SDM respectively. The total 268 

settlements of SCM are 1.065, 1.045 and 1.032 times that of SSM, 1.237, 1.203 and 1.183 times that 269 

of SDM respectively. Following the distribution of the curves in Figs. 5(a)-5(c) and the changing trends 270 

of the ratios calculated above, some interesting points could be found. In general, under the same 271 

parameter setting, the final average void ratio of SCM is the lowest, corresponding to the largest total 272 

settlement. The value of the final average void ratio of SSM is between SCM and SDM, and so is the 273 

total settlement. As the initial height increases, the differences of the final average void ratio and total 274 

settlement between each of them decrease. In terms of consolidation rate, the consolidation of SCM is 275 

the fastest all the time. The consolidation of SDM is the slowest in the early stage of consolidation, 276 

but that of SSM becomes the slowest when the degree of consolidation is greater than about 75%. 277 

Besides, the changing trends of the settlement and consolidation curves show a clearly fast first 278 

and slow afterward type for all the three solutions. Theoretically, there should be an inflection point 279 

corresponding to the remolded yield stress 's  on the settlement curve because of the segmented 280 

'e −  relationships in Cao et al.’s (2014) model. Unexpectedly, it is not visible in the above settlement 281 

curves until parts of them are magnified hundreds of times [Fig. 5(b)], which indicates that there is no 282 

significant difference in the law of void ratio change on both sides of the remolded yield stress. It’s a 283 

proof that these two piecewise functions are smoothly connected. 284 

The effect of initial void ratio 285 

Figs. 6(a)-6(c) reveal how the initial void ratio ( 0e ) affects the self-weight consolidation process 286 

of dredged sludge. The only difference for parameters of soils in Groups 4, 3 and 5 is controlled to be 287 
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0e , which are 2.4, 3.2, and 4.0, respectively. Analyzing the SCM separately, at the end of consolidation, 288 

the final void ratios are 1.306, 1.368 and 1.415 at the bottom of the soils for these three groups, 289 

respectively. The total settlements are 5.015m, 7.428m and 9.212m, which account for 25.08%, 37.14% 290 

and 46.06% of the soils’ initial heights, respectively. The ratios increase with the increase of 0e . With 291 

regard to consolidation speed, the times required to complete 90% of the consolidation are 195.987a, 292 

109.09a and 69.083a, respectively. Consolidation develops more rapidly for the soil with a higher 293 

initial void ratio. Overall, higher 0e  leads to bigger final average void ratio, greater total settlement, 294 

and higher consolidation speed. 295 

Compared with SSM, the final void ratios at the bottom layers of SCM are 0.975, 0.996 and 1.019 296 

times that of SSM, respectively. This reveals that depending on the value of 0e , the final void ratio at 297 

the bottom layer of SSM can either be bigger or smaller than that of SCM. Whereas, the corresponding 298 

total settlement of SCM shown in Fig. 6(b) is always greater than that of SSM, because the spatial 299 

distributions of the final void ratios calculated by the two models are different as shown in Fig. 6(a). 300 

For SDM, the final void ratios at the bottom layers of SCM are 0.896, 0.899 and 0.901 times that of 301 

SDM respectively. The total settlements of SCM are 1.287, 1.183 and 1.151 times that of SDM 302 

respectively. As 0e   increases, the differences of the final average void ratio and total settlement 303 

between SCM and SDM decrease. Concerning consolidation speed, as shown in Fig. 6(c), the change 304 

process of the three solutions’ relative relationship is complicated. When 0e  is 2.4, the consolidation 305 

of SCM is the fastest, and that of SSM is the slowest. As 0e  increases, the consolidation of SSM 306 

becomes the fastest in the early stage of consolidation, then slows down to be the slowest when the 307 

degree of consolidation is greater than about 70%. 308 
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The effect of void ratio at liquid limit 309 

In this section, the effect of the void ratio at liquid limit ( Le ) of dredged sludge on the self-weight 310 

consolidation is investigated as shown in Figs. 7(a)-7(c). The soils in Groups 6, 3 and 7 have the same 311 

parameter values except for Le , which are 1.62, 2.16, and 2.70 respectively. Firstly, discussing the 312 

SCM individually, when the consolidation is completed, the final void ratios are 1.078, 1.368 and 1.661 313 

at the bottom of the soils for these three groups, respectively. The total settlements are 9.155m, 7.428m 314 

and 5.798m, which account for 45.78%, 37.14% and 28.99% of the initial heights of the soils, 315 

respectively. The ratios decrease with the increase of Le , agreeing excellently with the increase of the 316 

final average void ratios. In terms of consolidation speed, the times required to complete 90% of the 317 

consolidation are 46.081a, 109.09a and 212.42a, respectively. It can be concluded that consolidation 318 

develops slower for a higher Le  . Besides, it is worth mentioning that there is a big difference of 319 

remolded yield stresses for three groups in this section as shown in Fig. 7(b), which indirectly proves 320 

that Le  plays an important role in Cao et al.’s (2014) model. 321 

Making a comparison of the three solutions, the final void ratios at the bottom layers of SCM are 322 

1.200, 0.996 and 0.979 times that of SSM, respectively. The total settlements of SCM are 0.986, 1.032 323 

and 0.984 times that of SSM, which means the total settlement of SSM is larger than that of SCM 324 

when Le  is small or big enough. The settlement relationship between SCM and SSM deviates from 325 

their relationship of final void ratio at the bottom layer, which indicates that the two solutions have 326 

different void ratio distribution rules, as shown in Fig. 7(a). For SDM, the final void ratios at the bottom 327 

layers of SCM are 0.904, 0.899 and 0.929 times that of SDM respectively. The total settlements of 328 

SCM are 1.140, 1.183 and 1.140 times that of SDM respectively. It is conceivable that, as Le  329 
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increases from 1.62 to 2.70, the differences of final average void ratio and total settlement between 330 

SCM and SDM have maximum values respectively. In terms of consolidation rate, the consolidation 331 

of SHD is the fastest in general. For different values of Le , the relative consolidation speed of SSM 332 

and SDM always changes in the middle stage of consolidation. The faster one in the first half is SSM. 333 

The effect of specific gravity of soil particles 334 

Keeping the initial void ratio and other parameters unchanged, different specific gravities of soil 335 

particle ( sG ) were set as 2.6, 2.7 and 2.8 (for groups 8, 3 and 9) to predict the soil consolidation process. 336 

The results are obtained, as shown in Figs. 8(a)-8(c). For the SCM, at the end of consolidation, the 337 

final void ratios are 1.384, 1.368 and 1.353 at the bottom of the soils for these three groups, respectively. 338 

The total settlements are 7.344m, 7.428m and 7.506m, which account for 36.72%, 37.14% and 37.53% 339 

of the initial heights of the soils, respectively. The ratios increase slightly with the increase of sG . In 340 

the aspect of consolidation speed, the times required to complete 90% of the consolidation are 114.624a, 341 

109.09a and 105.983a, respectively. The conclusion is that the higher the sG  is, the smaller the final 342 

average void ratio is. And, the final settlement is greater and consolidation is faster for the soil sample 343 

with a higher sG . 344 

The curves in the Figs. 8(a)-8(c) show that for a particular model, the impact of sG  on the final 345 

void ratio’s distribution, settlement and consolidation process is much subtler, relative to the initial 346 

height, initial void ratio, and void ratio at liquid limit. On the other hand, under the same parameter 347 

settings, the differences of final void ratio’s distribution, settlement and consolidation process among 348 

the three solutions are much more obvious. Briefly speaking, the total settlement of SCM is the largest, 349 

followed by SSH. In terms of consolidation speed, there is little difference between each of the three 350 
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solutions. 351 

 352 

Discussion 353 

The permeability and compressibility relations play essential roles in predicting the soil’s 354 

consolidation behavior, and largely affect the validities of the models. The constitutive relations used 355 

in the presented model was proposed based on series of tests on dredged soils with high water contents. 356 

Soil properties, including 0e  , Le  , 's  , *

cC   and *

100e  , which are not involved in the conventional 357 

models, express the particularity of this model. Comparing the experimental observations with 358 

numerical predictions of the dredged material’s settlement behavior, results indicate that the 359 

consolidation processes predicted by the traditional models are much faster and the final settlements 360 

are greater than the actual situation. In contrast, the presented model is in good agreement with the 361 

measurements in Bartholomeeusen et al. (2002). 362 

Generally, according to the parametric analyses, the conventional logarithmic models would 363 

underestimate the consolidation rate and the final settlement compared with the presented model, 364 

although in some cases the results turn out to be the opposite. However, for a short period at the 365 

beginning of consolidation, the consolidation process predicted by the presented model is always 366 

slower than that of the typical models, just the same as the law found in Fig. 4. This reveals that the 367 

settlement process in Bartholomeeusen et al. (2002) is not completed within 7 days, or even after 15 368 

days. The literature data also suggests that the settlement in a few days only accounts a small part of 369 

the self-weight consolidation of soft soils (Mcvay et al. 1986; Ito and Azam 2013). 370 

Besides, the semi-logarithmic and double-logarithmic models react more sensitive to the changes 371 
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of these parameters, especially when the analysis variables in the examples are not involved in their 372 

models, such as initial void ratio and void ratio at liquid limit. Their performance instability may be 373 

attributed to the universality and simplicity of the typical relations, which leads to the deduction of 374 

effectiveness when applied to different soil samples. The presented model, proposed especially for 375 

studying the consolidation characteristics of dredged soil, avoids this problem commendably. 376 

 377 

Conclusion 378 

A large-strain self-weight consolidation model of dredged sludge was built considering the special 379 

non-linear permeability and compressibility of soil with high water content. The highly nonlinear 380 

equation was solved by the FDM in Crank-Nicolson format. The consolidation behavior under the 381 

special constitutive model was analyzed by comparing it with the conventional semi-logarithmic and 382 

double-logarithmic models under different parameter settings. Some detailed conclusions are given as 383 

follows: 384 

1 Self-weight consolidation considering non-linear permeability and compressibility often takes 385 

decades or even hundreds of years to complete. At the end of consolidation, from the surface to the 386 

relative height of 0.8 of the soil sample, the void ratio decreases by more than 60%, even by 85% in 387 

some cases. From the relative height of 0.8 to the bottom, the void ratio shows a relatively small change. 388 

2 The sludge with a higher specific gravity of soil particles or initial void ratio has a larger 389 

settlement and a higher consolidation speed. The sludge with a greater initial height has a larger relative 390 

settlement but a lower consolidation speed. On the contrary, the sludge with a higher void ratio at 391 

liquid limit would get a smaller settlement and a lower consolidation rate. 392 
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3 Comparing the changes of final void ratio’s distributions, settlement and consolidation 393 

processes in the analyses of the four parameters, it can be concluded that the self-weight consolidation 394 

of dredged sludge is most sensitive to the void ratio at liquid limit, and its response to the change of 395 

specific gravity is subtle. 396 

4 In terms of settlement, the total settlement of SCM is the largest, and that of SDM is the smallest. 397 

When the value of void ratio at liquid limit is too small or too big, such as 1.62 and 2.70 in this paper, 398 

the total settlement of SSM is larger than that of SCM. As the initial height and initial void ratio 399 

increase, the differences of total settlements among the three solutions decrease. 400 

5 As for consolidation rate, the consolidation of SCM is the fastest. Compared with SCM, the 401 

consolidation of SSM is rapid in the early stage, even faster than that of SCM in some cases, but slows 402 

down to be the slowest in the later stage until consolidation is completed. SDM is the opposite of SSM. 403 

6 Generally, compared with SCM, SSM and SDM would underestimate the consolidation rate 404 

and the final settlement, though it turns out to be the opposite at the very beginning of consolidation. 405 

Besides, due to the generality and simplicity of the semi-logarithmic and double-logarithmic models, 406 

the accuracy of their description of the consolidation characteristics of a specific soil type is weakened. 407 

Especially when the analysis variables in the examples are not involved in the models, such as initial 408 

void ratio and void ratio at liquid limit, their effectiveness is further reduced. The present model is 409 

proposed for dredged sludge, considering several important soil parameters. It is more accurate and 410 

stable in analyzing the consolidation characteristics of dredged sludge. 411 

 412 

Data Availability Statement 413 



 

22 

 

All data, models, and code generated or used during the study appear in the submitted article. 414 

 415 

Acknowledgments 416 

The work described in this paper was supported by the Key Research and Development Project 417 

of Chinese Ministry of Science and Technology (Grant No. 2017YFE0119500), National Natural 418 

Science Foundation of China (Grant Nos. 52078464, 51978621, 51620105008), European Union's 419 

Horizon 2020 MARIE SKŁODOWSKA-CURIE RESEARCH AND INNOVATION STAFF 420 

EXCHANGE Program (Grant No. 778360), National Key R&D Program of China 421 

(2016YFC0800200), and Key R&D Program of Zhejiang Province (Grant No. 2018C03038). The 422 

authors are very grateful for the above supports. 423 

 424 

Notation 425 

The following symbols are used in this paper: 426 

a = space coordinate; 427 

va = coefficient of compressibility; 428 

0a = total thickness of the soil sample in the FDM model; 429 

0E = the intercept of the compression curve on the longitudinal axis; 430 

e = void ratio; 431 

j

ie = void ratio of the top of thi  sublayer at time j t ; 432 

Le = void ratio at liquid limit; 433 

se = void ratio corresponding to remolded yield stress; 434 

0e = initial void ratio; 435 
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*

100e = void ratio of the reconstituted clays at the effective vertical stress of 100 kPa; 436 

sG = specific gravity of soil particles; 437 

H = initial height of soil sample; 438 

I = numbers of sublayers in the FDM model; 439 

i = thi  element, space direction; 440 

J = numbers of time periods in the FDM model; 441 

j = thj  element, time direction; 442 

k = coefficient of vertical permeability;  443 

jk = coefficient of vertical permeability at time j t ; 444 

sk = coefficient of vertical permeability corresponding to remolded yield stress; 445 

0k = initial coefficient of vertical permeability; 446 

vm = the volume compressibility coefficient; 447 

n = the slope of the compression curve; 448 

p = the vertical pressure; 449 

S = settlement; 450 

tS = settlement at time t ; 451 

S = total settlement when consolidation is completed; 452 

t = time; 453 

tU = degree of consolidation at time t ; 454 

u = excessive pore water pressure; 455 

z = height of a certain soil layer; 456 
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a = thickness of ecah sublayer in the FDM model; 457 

t = length of the each time period in the FDM model; 458 

 = constant; 459 

s = gravity of solid; 460 

f = gravity of fluid; 461 

 = vertical compressive strain; 462 

 = convective coordinate changing with a  and t ; 463 

' = vertical effective stress; 464 

0 ' = initial vertical effective stress; 465 

'j = vertical effective stress at time j t ; 466 

's = remolded yield stress; 467 

'si = remolded yield stress for soil group i  ; 468 

0 = initial water content; 469 

L = water content at liquid limit. 470 

 471 
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 609 

Tables 610 

Table 1. Details of the participants in the comparison (units in kPa and m/s unless noted otherwise) 611 

Participants Mode types Constitutive models 

Bartholomeeusen 

(Bartholomeeusen et al. 2002) 

 

Double-log & Semi-log 

 

0.141.07 ' 2.52

0.27 ln( ) 5.95

e

e k

= − +

= +
 

Lin and Penumadu 

(Bartholomeeusen et al. 2002) 

 

Semi-log & Double-log 

 

 
6.75

0.22 ln( ') 1.46

0.0072

e

k e

= − +

=
 

Masala and Chan 

(Bartholomeeusen et al. 2002) 

Double-log 

 

   

1 0.102

3 5.75

2.81[Pa ] '

1.38 10 m/day 

e

k e

− −

−

=

= 
 

Van Kessel 

(Van Kessel and Van kesteren 2002) 

 

Semi-log 

(Natural exponential) 
  

' exp(11.27 8.0 )

exp( 21.55 3.6 )

e

k e

 = −

= − +
 

 612 

Table 2. Basic physical properties of dredged slurries 613 

Soil group 
Initial height, H 

(m) 

Initial void ratio, 

e0 

Void ratio at  

liquid limit, eL 

Specific gravity of soil 

particles, Gs (Mg/m3) 

1 

 

10.0 3.2 2.16 2.7 

2 15.0 3.2 2.16 2.7 

3 20.0 3.2 2.16 2.7 

4 20.0 2.4 2.16 2.7 

5 20.0 4.0 2.16 2.7 

6 20.0 3.2 1.62 2.7 

7 20.0 3.2 2.70 2.7 

https://doi.org/CNKI:SUN:YYSL.0
https://doi.org/10.1002/nag.196
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8 

9 

20.0 3.2 2.16 2.6 

9 20.0 3.2 2.16 2.8 

 614 

Figures 615 

 616 

Fig. 1. Sketch map of the e-k and e-σ′ relationships of Cao et al. (2014) 617 

 618 

Fig. 2. Schematic diagram of finite difference 619 
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 620 

Fig. 3. Evolution of the distributions of void ratio in normalized height over times 621 

 622 

Fig. 4. Comparison of experimental and predicted settlement curves 623 
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 624 

 625 

Fig. 5. Consolidation behavior of dredged sludge for different initial heights: (a) Final void ratio 626 

distribution; (b) Settlement; (c) Average consolidation degree 627 
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 628 

 629 

Fig. 6. Consolidation behavior of dredged sludge for different initial void ratios: (a) Final void ratio 630 

distribution; (b) Settlement; (c) Average consolidation degree 631 
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 632 

 633 

Fig. 7. Consolidation behavior of dredged sludge for different void ratios at liquid limit: (a) Final void 634 

ratio distribution; (b) Settlement; (c) Average consolidation degree 635 
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 636 

 637 

Fig. 8. Consolidation behavior of dredged sludge for different specific gravity of soil particles: (a) 638 

Final void ratio distribution; (b) Settlement; (c) Average consolidation degree 639 

 640 


