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Abstract. Consolidation and creep are two types of time-dependent deformation of clay soil. However,
the soil deformation presents probabilistic behaviors when the spatial variability is considered. The
Monte-Carlo method is used to sample anisotropic random fields that are mapped into two-dimensional
random finite element models (RFEM) to analyze the influences of spatial variability on the time-
dependent deformation of clay soil. The anisotropic random fields of soil parameters are generated by a
spectral representation method (SRM) to describe the spatial variability of clay soil. The consolidation
and the creep problems are modeled by Biot’s consolidation theory and the creep model proposed by Yin
et al. (2010) respectively. The spatial variability of Young modulus and permeability coefficient in
probabilistic consolidation analysis and the secondary consolidation coefficient in probabilistic creep

analysis are emphasized by the RFEM simulation. The results show that the scale of fluctuation (SOF)
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in vertical direction and the coefficient of variation (COV) of Young modulus and permeability have
significant influences on the probabilistic characteristics of consolidation behavior. Besides, the bunched
region of low permeability soil produces a blockage effect, which seriously affects the consolidation
characteristics. It is found that the uncertainty of creep deformation will accumulate over time until it
remains constant. The variability of creep deformation increases with the increase in the vertical SOF
and COV of the secondary consolidation coefficient. The research also provides insightful clues for the

time-varying reliability design related to the time-dependent deformation of clay soil.

Keywords: clay soil; time-dependent deformation; spatial variability; blockage effect; scale of fluctuation;

horizontally stratified anisotropic random field

1. Introduction

Due to the rapid development of infrastructure engineering, it is increasingly common to
construct road embankments and other geotechnical structures. However, there is an obvious time-
dependent deformation when these projects are constructed on clay soil. For example, Morsy et al.
(1995) have reported that the movements of a dike monitored are over 1 m due to the time-dependent
deformation of a clay soil layer for more than 25 years. The spatial variability is usually numerically
reconstructed with random field theory. Papaioannou and Straub (2012) simulated the soil with a
homogeneous random field to analyze the structural reliability of a pile wall. Chenari et al. (2019)
used heterogeneous random fields to perform numerical simulations on the samples to explain the
physical variability of the soil. In geotechnical engineering sites, soil is often isotropic in horizontal
direction. Therefore, it is necessary to adopt a horizontally stratified anisotropic random field to

investigate the effects of spatial variability on the time-dependent deformation of clay soil.
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Clay soils are characterized by remarkable time-dependent behaviors including consolidation and
creep. The former is well dealt with the widely used Biot’s consolidation theory (Biot 1941), while
for the latter elastic-visco-plastic (EVP) models effectively and accurately predict creep deformation
(Karim and Gnanendran 2014). However, most of the EVP models are hard to be used by geotechnical
engineers due to complicated formulations and numerous parameters. Yin et al. (2010) have proposed
an EVP model, which is based on the widely-used and comprehensible modified Cam-Clay model
(MCCM). The proposed model can predict creep behaviors of clay soils well. In the isotropic case,
there is only one additional parameter, the secondary consolidation coefficient Cy., compared to
MCCM.

Although Biot’s consolidation theory and the EVP model proposed by Yin er al. (2010) are
available to predict the time-dependent deformation, it is still difficult to accurately predict the
deformation of clay soils on site without involving the spatial variability of soil parameters. The
variability of soil mainly comes from its inherent variability and test errors due to the geologic
investigation (Bardossy and Fodor 2001). The former which is focused in this paper is described as
an anisotropic random field based on statistical parameters of soil. Young modulus, permeability,
and secondary consolidation coefficient are significant parameters for estimating the time-dependent
deformation. The random field characterized by the coefficient of variation (COV) and the scale of
fluctuation (SOF) is an effective tool to represent the spatial variability of these parameters
(Vanmarcke 2010). The SOF is determined by a large amount of laboratory or in-situ tests. To
overcome this obstacle, Fei ef al. (2019) proposed a numerical simulation method based on soil
microstructure to calculate the SOF.

Lee et al. (1983) have summarized that the COV of the Young modulus ranges from 2% to 42%.

The COV of the permeability for a specific soil is relatively large, ranging from 60% to 200% as
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reported by Zhang et al. (1974). Benson (1993) has analyzed the permeability of the clay soil collected
from 57 landfills. The COV of permeability ranges from 27% to 300%, and most of the data follow
lognormal distribution. The secondary consolidation coefficient C,. of clay soil has been
investigated by Xu et al. (2008), where C,. varies from 0.0056 to 0.0066, and the COV ranges from
0.2 to 0.4. As for the SOF, there is a large difference between the vertical and horizontal directions.
The SOFs in these two directions are in the range of 2~6m and 20~80m respectively (Rehfeldt et al.
1992, Prevost et al. 1997, Phoon and Kulhawy 1999).

Many relevant researchers have studied the influence of spatial variability of soils on deformation.
Kim et al. (2012) employed ordinary kriging and three theoretical semivariograms models to estimate
the spatial distributions of geo-layers, and then to evaluate the uncertainty in spatial distributions of
consolidation settlement. Probabilistic settlement of spread footing on spatial variability of Young
modulus has been estimated by using a two-dimensional random finite element model (RFEM), in
which the spatial variability is described by the random field generated by local average subdivision
(Fenton and Griffiths 2002). In the study of time-dependent deformation of clay soils, the influence
of the spatial variation on one-dimensional consolidation has been evaluated using a stochastic
approach (Li and Hu 2011). By using a first-order reliability method (FORM) and stochastic response
surface method (SRSM), Bong and Stuedlein (2018) maintained that the variability of average
consolidation degree increases as the SOF increases. However, the probabilistic characteristics of
time-dependent deformation, especially the creep of clay soils, have not been systematically studied.

RFEM has been an effective and rigorous method to simulate ground responses considering
spatial variation. The main disadvantage of RFEM is time-consuming (Schueller 1997). With the
great progress of high-performance computers, computational efficiency has been greatly improved.

As a stochastic approach, RFEM is employed by mapping the random field into the FE program.
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Then, a number of realizations sampled by the Monte-Carlo method are carried out to obtain the
concerned time-dependent deformation. In this study, the probabilistic deformations of
consolidation and creep are separately solved by RFEM based on Biot’s consolidation theory and
the model proposed by Yin and Chang et al. (2010).

This paper aims to investigate the influences of spatial variability on the time-dependent
deformation of clay soils. The outline of this paper is organized as follows. In Section 2, the random
field is generated by spectral representation method (SRM) to describe the spatial variability of the
soil. Then, the random field is mapped into a commercial finite element software, and RFEM is
implemented, which is validated by a case. In Section 3, the spatial variability of clay soil is treated
by a horizontally stratified anisotropic random field, and random finite element models for time-
dependent deformation are established. In Section 4, the probabilistic characteristics of time-
dependent deformation including consolidation and creep are analyzed by using the established
random finite element models. The consolidation deformation of RFEM is simultaneously compared

with the calculation results of the simplified method.

2. Fundamental of random field and implementation of RFEM

The finite element method (FEM) as a deterministic analysis method is extensively used in
simulating the continuous medium in geotechnical engineering. In order to better simulate the
uncertain ground response, RFEM is implemented by a number of finite element models coupled
with random fields to consider the spatial variability of the field soil. To achieve this purpose,
Gaussian stationary random fields are first generated by using a spectral representation method
(SRM). RFEM is then realized by mapping the random fields into the commercial program

ABAQUS. Eventually, the RFEM is validated by a consolidation case.
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2.1 Generation of anisotropic Gaussian stationary random field

The spectral representation method (SRM) has been widely used to generate a discrete Gaussian
random field in the spatial domain due to its versatility and robustness. This method was first
developed by Bergman and Shinozuka et al. (1997) to simulate multidimensional, multivariate and
non-stationary random processes or fields. Many works have been carried out to demonstrate the
accuracy of this method. The mean value of a random field generated by the SRM is identical to the
excepted mean value (Hu and Schiehlen 1997). Additionally, the SRM is not only accurate in terms
of cumulative density functions (CDF) or lower order moments but also much faster when compared
to the Karhunen-loeve expansion method (Stefanou 2009).

To illustrate the detail of SRM, the generation of a univariate and three-dimensional (1V-3D)
anisotropic random field is introduced as follows. Let V(x, y, z) be a 1 V-3D anisotropic random field
in the spatial domain, whose mean value and power spectral density function (PSDF) are denoted
by u and S(w1, w2, ws), respectively. In the frequency domain, the random field V(x, y, z) is written
as Eq. (1) (Vanmarcke 2010). It should be pointed out that the generated random field V(x, y, z) is
asymptotically Gaussian as N, N>, and N; approach infinity according to the multivariate central

limit theorem.

N, -1 N, -1 N, -1

V(x,v,z)= y-h/iz Z Z 4,,., cos®, exp {i(a)nI xto,y+o, z)} (1)

m =0 ny=0 ny;=0

where 4, = 28w, .0

ny

0, Ao Ao,Ao;, Ao, = % w,; are the cut-off wave numbers that define

i

the active region of PSDF S(wi, w2, ws). Phase angles @,,, are random variables that are

mutually independent and uniformly distributed over the interval (0, 27x).
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As we all known, random field is composed of many spatially related random variables. It is
assumed that the random variables in the random field ¥(x, y, z) obey the Gaussian distribution.
According to this assumption, a covariance function B(x, y, z) is written in Eq. (2). The form of p(x,
¥, z) has little influence on the random field (Vanmarcke 2010). The Gaussian correlation function
p(x, y, z) in Eq. (3) is adopted in this study. Here, € denotes the scale of fluctuation (SOF). By
substituting Egs. (2) and (3) into the transformation formula Eq. (4), it is easy to estimate the PSDF
S(w, w2, ws). The scale of fluctuation (SOF) 6, mean value x4 and standard deviation o are the
fundamental parameters of the random field V(x, y, z). These parameters are usually estimated
through the field test (Phoon and Kulhawy 1999). Finally, the random field V{(x, y, z) can be

conveniently calculated by Eq.(1).

B(x,y,z)=0"p(x,y,z) (2)

ple,y,z)=e " 3)

B(x,y,z)= J‘j: Ij: Ij: S(w,,0,,0,)cos(w,x +w,y + w,z)dwdw,do,

S(a,,0,,0,) = (iﬁ [ 7] Bx,y,2)cos(@px + @, + ,2)dxdydz @

Although the Direct Fourier Transform (DFT) can be employed to convert from the spatial
domain to the frequency domain with Egs. (2) and (4), this method is time-consuming due to the
heavy computation. Therefore, a Fast Fourier Transform (FFT) technique based butterfly algorithm
proposed by Cooley and Tukey (1965) is applied to dramatically improve computational efficiency.

In order to take advantage of FFT, Eq. (1) is rewritten as Eq. (5).
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where Re denotes the real part of the complex number.

Additionally, to ensure the ergodicity of the random field, the relative error ¢ in Eq. (6) is set to
a small value, and then suitable cut-off wave numbers w,; are estimated. The relative error ¢ is an
important parameter to ensure the accuracy of random field (Hu and Schiehlen 1997). After
estimating of w.;, the PSDF S(w1, w», @3) is calculated by Egs. (2) and (4), and the random field is

eventually generated by Eq. (5).

'[:‘“ J.om2 J.o(uz“ S(o,0,,0))dodo,do, =(1- g)J.(:w ,|‘o+oO J.(:O0 S(w,, w,,0;)dwdo,do, (©)

2.2 Implementation of RFEM

In the probabilistic analysis, each RFEM realization is coupled with a random field sampled by
the Monte-Carlo method. In this process, a number of random fields of soil parameters based on
SRM are firstly generated by a small in-house program. Then, the random fields are separately
mapped into the established finite element model. The entire process in this study is developed by
Python and the commercial finite element program ABAQUS. To ensure the success of each RFEM,
there are two basic prerequisites: one is that the random variable in each random field takes a non-
negative value, and the other is that the random variable can represent the statistics over a specific
mesh domain.

As mentioned above, the Gaussian correlation function Eq. (3) is substituted into Eq. (4) to

calculate the PSDF, and the Gaussian stationary random field in the spatial domain is generated by
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using Eq. (5). In order to satisfy the first prerequisite, an assumption is made that the concerned
parameter X follows a lognormal distribution. The random variable X follows a lognormal
distribution, which is characterized by the mean value wx, standard deviation oy, and SOF 6.x. The

mean value umy and standard deviation oy of InX are given by the following formulas.

G =In[1+ (0 / 11,)] 7

My =10 gty _0‘50-]31X )

As for the second prerequisite, the variance reduction is needed to be taken into account by using
a local average method. The reason for the decrease in variance is that the point variance of soil
parameter is usually obtained from field measured data, but actually, there is a decrease from the
point variance to the local variance over the element domain in the mesh. Therefore, a variance
function of the local average method shown in Eq. (9) is adopted to consider the reduction effect by

the integration of PSDF over the frequency domain.

YT = [ [ [ (@ -, - (T~ 2)p(x. . 2)dvdydz 9)

where T, T, and T are the sizes of an element in the x, y, and z directions, respectively.
In order to accurately map the random field X into the mesh of the FE model, the standard

deviation ainx is reduced by Eq. (10) according to the given mesh size.
=7 (X))o (10)

where the variance function »(X) is calculated by Eq.(9).

For given statistics of InX, a standard Gaussian random field gy is generated by the previous

process. The standard Gaussian random field gy is then transformed into lognormal random field
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gy according to Eq. (11).

gx=Xp(th, xy 70, 5 8inx) (11)

2.3 Validation of RFEM

A 1-D probabilistic consolidation case is taken as a verification example in this section. This case
has been studied by Huang et al. (2010), in which the random field is generated by a local average
subdivision method proposed by Fenton and Griffiths (2002).

The 1-D RFEM is set to be free drainage on the top boundary. The permeability k& and
compression coefficient m, are all assumed to follow the lognormal distribution. The mean values
of these parameters are equal to 1.0, and the COVs are equal to 0.5. The scale of fluctuations (SOFs)
of permeability and compression coefficient, ik and Ginm,, are all equal to 1.0. The cross-correlation
coefficient between the permeability £ and the compression coefficient m, is assumed to be 1.0.

The equivalent consolidation coefficient defined by the log-time method (Casagrande 1936) is

written as follows.

0.197H*
Crrp =——— (12)
tSO
U.{WS :%
u (13)

U, =1—inldh
g H u,

where H is the thickness of the consolidation soil, S; and S, are the deformations at time ¢ and
complete consolidation, respectively, u and uo are the pore pressures at time ¢ and initial time, and

tso0 is the consolidation time when the average consolidation degree ULy or U,y is equal to 50%. In

10
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Eq. (13), Uaws and U,y are defined by settlement and excess pore pressure, respectively. The
corresponding equivalent consolidation coefficients Cisos and Cisop at time #so can be calculated by
Eq. (12).

Regarding the permeability and compression coefficient as random fields, a lot of RFEM
simulations are carried out based on the Monte-Carlo method. The equivalent consolidation
coefficients are calculated according to Eq. (12). The probability distributions of the equivalent

consolidation coefficient are presented in Figs. 1 (a)-(b) 4, x and &, o are the mean values and

standard deviations of the equivalent consolidation coefficient obtained by RFEM in this study and
by Huang et al. (2010), respectively. The subscripts #50s and t50p denote the consolidation times
when the average consolidation degrees U and U,,, are equal to 50%. The histograms calculated
by the proposed RFEM are in good agreement with the probability density curves given by Huang
et al. (2010), in which the relative errors of the mean value and standard deviation are both less than
10%. The results indicate that the proposed RFEM is effective and available to characterize the

spatial variability of soil.

3. Random finite element model for time-dependent deformation

3.1 Basic model

There are two main stages of time-dependent behaviors of clay soil, including consolidation and
creep. In the first stage, the consolidation induced by drainage is the main cause of soil deformation.
When pore pressure remains constant with time or the consolidation is finished, the creep becomes
the dominant factor of soil deformation. In order to simulate the time-dependent deformation, Biot’s
consolidation theory and the creep model proposed by Yin and Chang et al. (2010) are respectively

used to solve the consolidation deformation and creep deformation in RFEM.

11
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Fig. 2 shows the physical schematic of RFEM for calculating the time-dependent deformation.
The horizontal and vertical dimensions of the model are HxW. The initial consolidation pressure or
pre-consolidation pressure Py is applied to the top surface. The free drainage boundary is only set at
the top surface. The left and right boundaries are horizontally constrained, and the bottom boundary
is fixed in vertical and horizontal displacement.

As for an anisotropic random field, the SOFs in vertical and horizontal directions are significant
parameters. The ranges of the vertical and horizontal SOFs are generally 2~6m and 20~80m,
respectively (Rehfeldt et al. 1992, Prevost et al. 1997, Phoon and Kulhawy 1999). Therefore, the model
size is determined according to the influence analysis of the SOFs. As shown in Figs. 3 (a)-(c),
normalized anisotropic random fields are generated by using the SRM. The results indicate that the
anisotropic random field in horizontal direction varies little when the horizontal SOF is in the range
of 20~80 m, and the anisotropic random field is approximately homogeneous in horizontal within 5
m or less that is 1/4 of the horizontal SOF. In order to ensure the computational efficiency, the width
of the model W is set to Im in the following analysis. In this situation, the generated anisotropic
random field is similar to horizontally stratified soil (Huang et al. 2017). The horizontally stratified
anisotropic random field is adopted here to simulate the spatial variability of soil. The following
anisotropic random field refers to the horizontally stratified anisotropic random field.

The normalized anisotropic random fields with vertical SOF of 2~6 m are shown in Figs. 4 (a),
(b) and (¢). The thickness H of the concerned clay soil is 20 m. As shown in Fig. 4, the random field
tends to be isotropic with an increase in vertical SOF. The results show that the vertical SOF is an
important parameter for the spatial variability of the horizontally stratified soil. Therefore, the

vertical SOF is emphasized in the following analysis.

12
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3.2 Spatial variability of soil parameters for time-dependent deformation

3.2.1 Parameters for soil consolidation

The consolidation of clay soil is modeled by RFEM based on Biot’s consolidation theory, in
which Young modulus £ and permeability coefficient & are important mechanical parameters. As
mentioned before, soil properties have a great deal of spatial variability. To simplify, Young modulus
E and permeability coefficient & are regarded as independent random fields (The cross-correlation
coefficient is 0). Under this assumption, the variance of the results is conservative because the
permeability is negatively correlated with the Young modulus within the same soil layer (Cho 2010).

A deposit soft clay soil is adopted in the probabilistic consolidation analysis. The soft clay in the
model is saturated and has high compressibility. The mean value, COV, and SOF of Young modulus
E and permeability coefficient & are the basic input parameters of the random finite element model.
Relevant studies have shown that the COVs of permeability k£ and Young modulus £ for the clay soil
are in the range of 100~300% and 15~30% (Baecher and Christian 2003, Benson 1993). The basic
parameters for soil consolidation are listed in Table 1. If there are no special statements, the

parameters in the random finite element model are in accordance with Table 1.

3.2.2 Parameters for soil creep
As another type of time-dependent deformation of clay soil, the creep behavior is successfully
described by the anisotropic EVP model proposed by Yin et al. (2010). It should be pointed out that

this model is based on the strain rate form of the modified Cam Clay model (MCCM).

£ (14)

s e
E =& +&f =

13
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where Ef is the elastic strain rate, éVVp is the viscoplastic strain rate, 4 is the compression index,

and « is the swelling index.

' N
. M2 —n?
& = |- | T (15)
PO Mc_aKO
C, (M ~a - 22 M
where y:M, N:M, am:nko—u, Ngo =——<, M. is the critical
T(M(: _nKO) Cae 3 6_Mc

state ratio, o, 1is the initial yield stress, o, is the reference pre-consolidation pressure, and 7 is

the reference time.
Most parameters of this model are the same as MCCM, including compression index 4, swelling

index «, critical state ratio M., permeability %, void ratio ey, pre-consolidation pressure Py, and
Poisson’s ratio v. Moreover, there is only one additional parameter, the secondary consolidation
coefficient C,,, in this EVP model to characterize the creep behavior of clay soil compared to MCCM.
These parameters can be estimated from two types of tests, a constant strain-rate oedometer test and
a 24h standard oedometer. Researchers interested in the details of this model can refer to the study
by Yin et al. (2010). The parameters of this creep model for one kind of clay soil are listed in Table
2.

The physical schematic for each RFEM realization is shown in Fig. 2. The saturated clay soil
adopted in the RFEM realization is characterized as a low organic content and high plastic with a
plastic limit 48% and a liquid limit 90% (Yin et al. 2010), and has obvious long-term creep behavior.
The creep behavior is modeled with the isotropic form of the EVP model. As observed in the field,
the pore pressure changes very little in the creeping stage (Morsy et al. 1995). The secondary
consolidation coefficient C,. in the creep model is an important factor affecting the time-dependent
deformation. Therefore, the spatial variability of the secondary consolidation coefficient C,. should

be emphasized in the probabilistic analysis of creep deformation. The Cq. of clay soil varies from

14
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0.0056 to 0.0066, and the range of its COV is 0.2~0.4 (Xu et al. 2008, Baecher and Christian 2003).
In the following analysis, the mean value of C,. takes 0.006, and the range of its COV is 0.2~0.4.

Additionally, the horizontal SOF is 40m, and the vertical SOF is within 2~20m.

4. Probabilistic characteristics of time-dependent deformation

Biot’s consolidation theory and the creep model proposed by Yin et al. (2010) are adopted in
RFEM to simulate the time-dependent behavior of clay soil. In the model, the random field obtained
by SRM is sampled and mapped into the model. A series of RFEM realizations are carried out by
the Monte-Carlo method, and the obtained time-dependent deformations are statistically analyzed.

In order to ensure reliability and efficiency, the number of the RFEM realizations used for
consolidation and creep is first determined by the convergence of the standard deviation (Huang et
al. 2010). In the random finite element model, the concerned parameters of the soil are regarded as

independent anisotropic random fields.

4.1 Influence of anisotropic random field on soil consolidation

Soil consolidation is usually accompanied by the dissipation of excess pore pressure. Therefore,
the consolidation behavior can be reflected by the average consolidation degree along the thickness
of the clay soil, defined by the excess pore pressure, as shown in the second equation in Eq. (13).
An ensemble of RFEM realizations with anisotropic random fields of Young modulus and
permeability are separately carried out to calculate the possible average consolidation degrees.

To ensure the reliability and efficiency of the proposed RFEM, the sensitivity of the results to the
number of Monte-Carlo simulations is checked. The optimal number of RFEM realizations is the

minimum number to make the standard deviation of the average consolidation degree oy converge.

15
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In the case of the worst convergence, the standard deviation and simulation number curves of two
consolidation times are shown in Fig. 5. The horizontal axis represents the number of RFEM
realizations, and the vertical axis represents the standard deviation of the average consolidation
degree. It can be easily found from the convergence curves that oy remains constant when the
number of RFEM realizations is greater than 1000. Therefore, the number of RFEM realizations

takes 1000 in the following consolidation analysis.

4.1.1 Anisotropic random field of Young modulus

A set of possible average consolidation degrees are obtained from 1000 RFEM realizations with
Young modulus as an anisotropic random field. The probability distributions of average
consolidation degree at any consolidation time can be estimated for the given vertical SOF 6.z and
COV of Young modulus. The following symbols are declared here: ¢ and o denote the mean value

A

and standard deviation of the average consolidation degree computed by RFEM, 4 and & are
the statistics estimated by the following analytical method, and the subscripts “v¢20” and “vt100”

stand for the consolidation time # =2x10°sand ¢ = 1x107s.

Vertical SOF of Young modulus

To illustrate the influence of vertical SOF on the consolidation, the probability distributions of

the average consolidation degree around 0.7 at 1x107 s are plotted in Fig. 6. The histograms and

dotted lines in the figure are obtained by RFEM with various vertical SOFs. With the increase of
One from 0.1H to 1.0H, the mean value of the average consolidation degree remains basically
unchanged, while the standard deviation increases.

As for an extreme case, the anisotropic random field shown in Figs. 3-4 becomes the same as the
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Oz increases to large enough. In this case, the probability distribution calculated by the RFEM is
the same as that obtained by FEM with E as a random variable following lognormal distribution.
This situation can be reasonably considered as 1-D consolidation, and the average consolidation

degree can be solved by using Terzaghi's explicit solution Eq. (16).

o0 1 ~ 2
U(t):])o;ﬁe M, (16)
where 7T, :ﬂ:&E and M =M. H is the thickness of soil layer, v is

H> y HA-v-2v)
Poisson’s ratio, ¢ is consolidation time and Py is initial consolidation pressure.
Taking Young modulus £ as a random variable, the probability density function (PDF) f{U) of

average consolidation degree U is derived from Eq. (16).

Uy f(E) (17)
2T Ze‘M L

m=1

Moreover, in order to consider vertical SOF, the variance function Eq. (9) is introduced to reduce
the standard deviation obtained from Eq. (17). The probability distribution is recalculated according
to the reduced standard deviation. The probability distributions for various vertical SOFs are
estimated by the previous simplified method and plotted with solid lines in Figs. 6 (a)-(d). When the
vertical SOF O ranges from 0.1H to 1.0H, the probability distribution predicted by RFEM is
generally consistent with that estimated by the simplified method. The increase in the standard
deviation of the average consolidation degree can be explained by the increase of the vertical SOF

O in the variance function.

The statistics of average consolidation degree at 2x10%s and 1x107 s are separately calculated
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by RFEM and the simplified method. The results are summarized in Table 3. As the O,zranges from
0.1H to 1.0H, the mean value of the average consolidation degree varies little, indicating that the
mean values of the average consolidation degree are independent of the vertical SOF of Young
modulus. The maximum relative difference dmax is less than 5%, which means that the mean values
of the average consolidation degree of the two methods are in good agreement. However, the vertical
SOF has a significant influence on the standard deviation of the average consolidation degree. It can
be seen from Table 3 that the standard deviation of the average consolidation degree increases with
the increase of @iz On the whole, the maximum relative difference dmax of the variances predicted
by the two methods is less than 15% and approximately equal. In the extreme case of large finz, the
standard deviation estimated by the simplified method is approximate to RFEM. In this case, Young
modulus tends to the same value in an anisotropic random field that can be considered as a random
variable, and the value of the variance function is approximately equal to 1.0. Therefore, the standard
deviations obtained by these two methods are very close when i, takes a large value.

The curves of the statistics of the average consolidation degree over time are plotted in Figs. 7
(a) and (b), as obtained from a number of RFEM simulations. The mean value of the average
consolidation degree increases nonlinearly with consolidation time and is not affected by the SOF
of the Young modulus. With the increase of the SOF, the variance function decreases, leading to a
decrease in the standard deviation of the average consolidation degree. The standard deviation first
increases, and then decreases with time. As for various SOFs of Young modulus, the maximum
deviations appear almost at the same time.

COYV of Young modulus

The statistics of the average consolidation degree are calculated by RFEM and the simplified

method, where the vertical SOF 01,,=0.2H (4m), and the COV in the range of 0.15 to 0.30. The
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results are listed in Table 4. The mean value of the average consolidation degree calculated by the
simplified method is in good agreement with that calculated by RFEM within the specified COV of
Young modulus. However, it can be seen from Table 4 that COV has an obvious influence on the
standard deviation of the average consolidation degree. When the COV doubles from 0.15 to 0.30,
the standard deviation of the average consolidation degree almost doubles. The relative difference
of the average consolidation degrees calculated by the two methods is less than 15%, indicating the
effectiveness of the simplified method.

According to the results, the horizontally stratified anisotropic random field is an effective and
accurate tool to describe the spatial variability of soil. As the COV or vertical SOF of the anisotropic
random field of Young modulus increases, the mean value of the average consolidation degree
changes very little, while the standard deviation rises rapidly. Additionally, to avoid a number of
RFEM simulations in practical engineering, the simplified method is suggested to estimate the
probability distribution of consolidation settlement within the allowable error.

As can be seen from Fig. 8, the COV of the Young modulus affects the mean value and standard
deviation of the average consolidation degree in a similar way to the SOF. The COV of the Young
modulus has almost no effect on the mean value of the average consolidation degree, while the
standard deviation of the average consolidation degree increases as the COV of the Young modulus
increases. The standard deviation increases first and then decreases with time. The main reason for
the decrease in standard deviation is that the number of RFEM realizations that achieve complete

consolidation increases gradually over time, thereby reducing the standard deviation.

4.1.2 Anisotropic random field of permeability

In order to measure the effects of permeability on consolidation, a number of RFEM realizations
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are performed, where permeability is represented by anisotropic random field and Young modulus
is a constant value, as listed in Table 1. For the given vertical SOF i, and COV of permeability, the
average consolidation degree at any consolidation time is evaluated by RFEM.

Vertical SOF of permeability

The probability distributions of average consolidation degree obtained by RFEM are plotted with
histograms and dotted lines, as shown in Figs. 9 (a)-(d). The results indicate that when the vertical
SOF 6 is large, the average consolidation degree is widely dispersed. Furthermore, for Gn=1.0H
and COV=3.0, the average consolidation degree of some RFEM realizations reaches 1.0, indicating
the completion of consolidation. Moreover, the probability of complete consolidation increases
gradually with time. Therefore, there are two peaks in the probability distribution of Fig. 9 (d).

In an extreme case, when Oy is large enough, each variable in the random field of permeability
approximates a constant value. That is to say, permeability can reasonably be regarded as a random
variable. Through the reasoning similar to section 4.1.1, the permeability is taken as a random
variable to derive the probability distribution of the average consolidation degree, which is given by
Eq. (18). Then, the variance function in Eq. (9) is used to consider the effect of vertical SOF. Finally,

the probability distribution is recalculated according to the reduced standard deviation.

FUy——— 1) (18)

The probability distributions of average consolidation degree estimated by the previous
simplified method are plotted with solid lines, and the statistics are shown in Fig. 9. The results show
that as the Oy increases, the mean value and standard deviation increase, and the probability

distribution evaluated by the simplified method gradually approaches that obtained by RFEM. When
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the Oy is greater than 10 m, the probability distribution obtained by RFEM is approximately equal

to that obtained by the simplified method.

Table 5 shows the statistics of the average consolidation degree at 2x10°s and 1x10s for O in

the range of 0.1~1.0H. As can be seen from Table 5, there are large differences in the statistics of

average consolidation degree at 1 x107s for a small value of & From the perspective of the spatial

variability, low permeability soils bunched together are not conducive to drainage when 6y« takes a
small value. Since the blockage effect (the so-called blockage effect is first presented by Huang et al.
2010) is not taken into account, the simplified method overestimates the mean value of the average
consolidation degree and underestimates its standard deviation. This is why there is a large
difference between the two approaches.

To better understand the influence of the vertical SOF 6y on consolidation, the curves of the
statistics of the average consolidation degree over time calculated by RFEM are shown in Fig. 10.
The mean value increases with time, while the standard deviation increases at first and then
decreases with time. As shown in Figs. 10 (a)-(b), O« of the anisotropic random field of permeability
has little influence on the mean value, but a significant influence on the standard deviation. As the
Ok increases, the variance function of the consolidated soil increases, resulting in a large variability
of the average consolidation degree. It is worth noting that the standard deviation begins to decrease
almost at the same time for various Gin.

COYV of permeability

From the above analysis, it can be seen that due to the blocking effect caused by the vertical SOF
of permeability, the calculation results of the simplified method have a large error. Therefore, the

statistics of the average consolidation degree are calculated by using RFEM. As for various COVs,
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the statistics of the average consolidation degree over time are plotted in Figs. 11 (a)-(b), in which
Onx takes 0.2H. As shown in Fig. 11 (a), the mean value of the average consolidation degree increases
with time. As the COV of the permeability increases from 1.0 to 3.0, the time required to complete
consolidation is prolonged. The blockage effect caused by bunched regions with low permeability
soil is more obvious for a greater value of COV, which results in more time to complete consolidation.

The curves shown in Fig. 11 (b) indicate that the standard deviation of the average consolidation
degree increases with time, and then eventually decreases. For the anisotropic random fields of
permeability with larger COV, the blockage effect is more likely to occur and the time to complete
consolidation is prolonged. At the later stage, some RFEM realizations have been fully consolidate
with the average consolidation degrees reaching 1.0, thus reducing the standard deviation over time.
In fact, as the COV increases, the reduction of the standard deviation is delayed, which means the

COV of permeability has an obvious influence on the consolidation process.

4.2 Influence of anisotropic random field on creep deformation

4.2.1 Convergence and probabilistic analysis of creep deformation

In the RFEM simulation for creep deformation, the anisotropic random field with specified SOF
and COV illustrated in section 3.2.2 is used to consider the spatial variability of the secondary
consolidation coefficient. According to the results of RFEM, one worse case of convergence,
Oincae=4 m, and COV=0.2, is chosen to determine a reasonable number of RFEM simulations. The
creep time in this analysis ranges from 30 days to 360 days. The curves of the standard deviation of
creep deformation with respect to the number of RFEM realizations are shown in Fig. 12. The
horizontal axis and the vertical axis represent the number of RFEM realizations and the standard

deviation of creep deformation, respectively. It can be seen that the standard deviation remains stable
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after 600 RFEM realizations, which indicates the convergence of the RFEM realization. In view of
the computational efficiency, the optimal number of RFEM realizations is 600, and it is adopted in
the following analysis.

The possible creep deformations are obtained from 600 RFEM realizations with the secondary
consolidation coefficient as the anisotropic random field. According to the simulation results,
probability distributions of creep deformation at different times are depicted in Fig. 13, where
Oncae=4m, COV=0.2. As the creep progresses, the mean value and standard deviation of creep
deformation increase gradually. The results reveal that the creep deformation gradually diverges
over time, which means that the uncertainty of the creep deformation gradually accumulates at the

same time.

4.2.2 SOF of secondary consolidation coefficient

The possible creep deformations within 30 years are calculated by RFEM, and the COV of the
secondary consolidation coefficient is 0.2. The mean value and standard deviation of creep
deformation for various vertical SOFs Oincq. are shown in Fig. 14.

As shown in Figs. 14 (a)-(b), the mean value and standard deviation of creep deformation
increase nonlinearly with time. After 30 years of creep, the mean value and standard deviation
remain almost constant, and their maximum values reach 0.65 m and 0.14 m, respectively. The
results show that the vertical SOF incq. has little effect on the mean value of creep deformation but
an obvious effect on its standard deviation, which is consistent with the effect of Young modulus’
SOF on the foundation deformation investigated by Fenton and Griffiths (2002). It is easy to find
from Fig. 14 (b) that the standard deviation of creep deformation is positively correlated with Gincee.

In fact, the generality variance of the secondary consolidation coefficient along the depth of soil
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increases with the increase of fincqe, Which in turn leads to an increase in the standard deviation of
creep deformation.

In order to better explain the creep deformation range for various Gncee, 99.7% confidence
intervals are estimated by the results of RFEM. Fig. 15 presents the curves of upper and lower limits
of creep deformation with respect to time when the confidence level is 99.7%. For the same Gincee,
the curves of the upper and lower limits are drawn with the same line type. The interval between
upper limit and the lower limit represents the confidence interval of creep deformation. The
confidence interval gradually increases with creep time and Gice. Even for different fincee, the

confidence interval of creep deformation remains stable almost at the same time.

4.2.3 COV of secondary consolidation coefficient

Fig. 16 shows the mean value and standard deviation of the creep deformation for various COVs
of the secondary consolidation coefficient, where the vertical SOF of the secondary consolidation
coefficient takes 4 m. As shown in Fig. 16 (a), the mean value of creep deformation increases
nonlinearly with time, and the maximum value is 0.64 m. When the COV of the secondary
consolidation coefficient is in the range of 0.2 to 0.4, there is almost no difference between the mean
values. It can be seen from Fig. 16 (b) that the standard deviation of creep deformation increases
with time. Under the same creep time, the standard deviation increases as the COV of the secondary
consolidation coefficient increases. The mean value and standard deviation of creep deformation
gradually stabilize over time. After 30 years of creep, the maximum standard deviation reaches 0.11
m, which is an unacceptable and unallowable deformation for subgrades or other structures.

Fig. 17 presents the upper and lower limits of creep deformation with respect to time at a 99.7%

confidence level. For the same COV, the curves of the upper and lower limits are plotted with the
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same line type. The confidence interval of creep deformation increases with time and then remains
constant. In addition, the dispersion of creep deformation increases with the increase of COV.
From the results shown in Fig. 15 and Fig. 17, it seems impossible to accurately estimate the
creep deformation of spatial variability clay soils by traditional deterministic approaches. However,
it is interesting that after years of creep, the mean value of creep deformation and the confidence
interval with a confidence level of 99.7% remain constant. Therefore, if the soil has undergone a
long-term creep and the creep deformation does not increase anymore, the spatial variability of the

secondary consolidation coefficient can be ignored in this situation.

5. Conclusions

The spatial variability of soil properties plays a significant role in the time-dependent
deformation. In this study, the probabilistic characteristics of consolidation and creep have been
investigated by RFEM, in which an anisotropic random field is used to characterize the spatial
variability of soil parameters. Herein, the horizontal SOF of the anisotropic random field is usually
large enough in practical engineering, which means that the parameters of soil in horizontal direction
remain locally unchanged. The study on the probabilistic time-dependent deformation of clay soil is
beneficial to the engineering practice, and provides insightful clues to the time-dependent reliability
of the engineering design. According to the results of the above-mentioned analysis, the following
conclusions can be drawn.

e The vertical SOF or COV of Young modulus has little influence on the mean value of the

average consolidation degree, but its standard deviation will increase as the vertical SOF or COV

increases. Compared to RFEM, the simplified method considering the spatial variability of the

Young modulus is efficient to estimate the consolidation.
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e The vertical SOF of permeability has little influence on the mean value of the average
consolidation degree. However, the mean value decreases with an increase of COV because of
the blockage effect induced by bunched regions of low permeability soil. The standard deviation
of the average consolidation degree increases at first and then decreases. The larger value of the
SOF or COV leads to a higher dispersion in the average consolidation degree.

o The spatial variability of permeability causes a blockage effect, which makes the simplified
method overestimate the mean value of the average consolidation degree, and underestimate its
standard deviation.

o Considering the anisotropic random field of secondary consolidation coefficient, the creep
deformation increases with time and then tends to a constant value. Meanwhile, the uncertainty
of creep deformation gradually accumulates and finally remains unchanged.

e The vertical SOF and COV of the anisotropic random field of secondary consolidation
coefficient have little influence on the mean value of creep deformation, but a great influence on
its standard deviation. Additionally, the variability of creep deformation increases gradually with

an increase in vertical SOF or COV.
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651 Table lists

652

653  Table 1 Basic statistics of soil consolidation parameters (Baecher and Christian 2003, Benson 1993).
654  Table 2 Physical parameters for creep model (Yin ef al. 2010, Xu et al. 2008).

655 Table 3 Statistics estimated by RFEM and simplified method for different SOFs of Young modulus (¢=10
656 kPa, COV =0.2).

657 Table 4 Statistics estimated by RFEM and the simplified method for different COVs of Young modulus (u
658  =10kPa, One= 0.2H).

659 Table 5 Statistics estimated by RFEM and the simplified method for various SOFs of permeability (u=10
660 m/s, COV = 1.0).

661
662
663  Table 1 Basic statistics of soil consolidation parameters (Baecher and Christian 2003, Benson 1993)
U COVv Horizontal SOF  Vertical SOF
E 10 kPa 0.2 40 m 4m
k 107 m/s 1.0 40 m 4m
664
665
666  Table 2 Physical parameters for creep model (Yin et al. 2010, Xu ef al. 2008)
A K eo V) M. Py k Coe
0.197 0.042 1.5 0.35 1.23 5.0kPa 10 m/s 0.006
667
668

669  Table 3 Statistics estimated by RFEM and simplified method for different SOFs of Young modulus (=10
670  kPa, COV=0.2)

A A

Moo Hviioo Ay o 0v20 0vt100 O Oyino

RFEM Simplified method 0 RFEM Simplified method
0.1H 031 0.68 0.32 0.69 0.03  0.011 0.019 0.010 0.018  0.10
02H 031 0.69 0.32 0.69 0.03  0.016  0.027 0.014 0.025  0.14
0.5H 031 0.69 0.32 0.69 0.03  0.023  0.041 0.020 0.038  0.15
1.0H 032 0.69 0.32 0.69 0.00 0.026 0.050 0.026 0.048  0.04

Ot

671 Hereby, Omax refers to the maximum relative difference, which is defined by the ratio of the maximum
672  difference between the average consolidation degrees calculated by RFEM and the simplified method to that
673  obtained by RFEM.

674

675

676
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681

682
683
684

685
686

Table 4 Statistics estimated by RFEM and the simplified method for different COVs of Young modulus (u
=10 kPa, fng= 0.2H)

A

A

cov Moo Hviioo Ay L Ovi20 Ove100 O Oioo

RFEM Simplified method RFEM Simplified method
0.15 0.31 0.69 0.32 0.70 0.03 0.011 0.020 0.010 0.019 0.10
0.20 031 0.69 0.32 0.69 0.03 0.016 0.027 0.014 0.025 0.14
0.25 0.31 0.68 0.32 0.69 0.03 0.019 0.033 0.017 0.032 0.12
0.30  0.31 0.67 0.31 0.69 0.00 0.023 0.040  0.020 0.038 0.15

Table 5 Statistics estimated by RFEM and the simplified method for various SOFs of permeability (u=10""

m/s, COV'=1.0)
O Hvi20 Hvi100 Hying Ao 0vi20 0Ovt100 Cun S0

RFEM Simplified method RFEM Simplified method
0.1H 0.17 0.32 0.18 0.41 0.28 0.068  0.114 0.044 0.097 0.35
02H 0.19 0.35 0.19 0.42 020 0.089  0.144 0.064 0.135 0.28
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Fig. 1 Probability distributions of the equivalent consolidation coefficient, (a) Cisos calculated by settlement, (b)
Cisop calculated by excess pore pressure.

Fig. 2 Physical model of RFEM for the time-dependent deformation.

Fig. 3 Realizations of normalized anisotropic random field (vertical SOF=4 m), (a) horizontal SOF=20 m, (b)
Horizontal SOF=50 m, (c) Horizontal SOF=80 m.

Fig. 4 Realizations of the normalized anisotropic random field (horizontal SOF=50 m), (a) vertical SOF=2 m, (b)
vertical SOF=4 m, (¢) vertical SOF=6 m.

Fig. 5 Convergence of the RFEM realization for the average consolidation degree.

Fig. 6 Probability distributions of the average consolidation degree for different Oz (1= 107s, u = 10 kPa, COV
=0.2), (@) Ome=0.1H, (b) One= 0.2H, (¢) Oine=0.5H, (d) Oinz=1.0H.

Fig. 7 Curves of the statistics of the average consolidation degree with time for various SOFs of Young modulus
(u=10kPa, COV=0.2), (a) mean value, (b) standard deviation.

Fig. 8 Curves of the statistics of average consolidation degree with time for various COVss of Young modulus (u
=10 kPa, 6inz=0.2H), (a) mean value, (b) standard deviation.

Fig. 9 The probability distributions of average consolidation degree for various SOFs of permeability (1= 107,
1=107m/s, COV = 1.0), (a) Oi=0.1H, (b) On=0.2H, (¢) Oni=0.5H, (d) O1mi=1.0H.

Fig. 10 Curves of the statistics of average consolidation degree with time for various SOFs of permeability
(u=10"m/s, COV = 1.0), (a) mean value, (b) standard deviation.

Fig. 11 Curves of the statistics of average consolidation degree with time for various COVs of permeability
(u=10"m/s, Oinx = 0.2H), (a) mean value, (b) standard deviation.

Fig. 12 Convergence of the RFEM realization for the creep deformation (fncee=4 m, COV=0.2).
Fig. 13 Probability distributions of creep deformation at different times (fince=4 m, COV=0.2).
Fig. 14 Time-varying statistics of creep deformation for various SOFs of secondary consolidation coefficient

(1=0.006, COV =0.2), (a) mean value, (b) standard deviation.

Fig. 15 99.7% confidence interval of creep deformation for various SOFs of secondary consolidation coefficient
(1=0.006, COV'=0.2).

Fig. 16 Time-varying statistics of creep deformation for various COVs of secondary consolidation coefficient
(1=0.006, Oincoe = 4 m), (2) mean value, (b) standard deviation.

Fig. 17 99.7% confidence interval of creep deformation for COVs of secondary consolidation coefficient (¢=0.006,

elnCae = 4 m)
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