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Abstract. The soft clay has the characteristics of high compressibility, high
water content, low strength and poor permeability, which will lead to large
settlements under long-term loads, therefore, the prediction of settlements of soft
clay roadbed has been one of the important research topics in Geotechnical
Engineering. In this paper, the commonly-used methods in practice to predict
the settlements of soft clay roadbed have been summarized, and the advantages
and disadvantages have been evaluated.

1 Introduction

The soft clay has the characteristics of high compressibility, high water content, low
strength and poor permeability, which will lead to large settlements under long-term
loads. Therefore, the settlement of soft clay roadbed is one of the prominent problems
during the construction of railway and highway in soft clay area, and many engineering
accidents are caused by the large settlement of subgrade. Thus, the prediction of
settlements of soft clay roadbed has been one of the important research topics in
Geotechnical Engineering.

As the settlement of soft clay usually develops with time, the settlement vs. time
curve is usually used to describe the settlement properties of soft clay [1–3]. The most
common method to predict the long term settlement is fitting the settlement data
measured in the field. Many traditional fitting curves have been used to predict the
settlement of soft clay, such as exponential curve, hyperbolic curve, Poisson curve and
Asaoka method [4, 5]. Furthermore, in recent years, more and more new methods based
on new theories have been introduced to improve the prediction of settlement, such as
Grey forecasting method [6], Logistic method [7], and Gompertz model [8]. In this
paper, the commonly used methods mentioned above to predict the settlement of soft
clay have been evaluated and compared with each other.

2 Mechanism of the Settlement of Soft Clay Roadbed

The total settlement of soft clay roadbed contains three components: immediate set-
tlement, consolidation settlement and secondary consolidation settlement. The devel-
opment of settlement can be divided into the following four stages (as shown in Fig. 1):
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(1) at the initial status, the soil is elastic and the change of settlement with load is
linear;

(2) then with the increase of load, the settlement of soft clay and the corresponding
rate increase and the nonlinear is obvious;

(3) although the load keeps constant, the settlement continues to increase due to
consolidation and rheological property of clay, but the settlement rate declines;

(4) when the time is long enough, the settlement of clay will reach a limit state, the
corresponding settlement rate is zero and the settlement arrives at its final value.

The purpose to study the properties of soft clay is to develop theoretical or
empirical models to predict the settlement of soft clay at any time and any load. In
recent years, many fitting curve methods based on measured field settlement data have
been proposed, we will introduce these models detailedly in the next section.

3 Fitting Curve Methods

3.1 Exponential Curve

According to the consolidation theory proposed by Terzaghi, the relation between pore
water pressure with time can be described by exponential expression. For soil with
linear elastic property, the consolidation degree of soil defined by using stress equals to
that defined by using strain. the consolidation degree can be expressed as follows:

U ¼ 1� a exp ð�btÞ ð1Þ

Where a and b are consolidation parameters, of which the expressions relate to
drainage condition and are shown in Table 1.

Then according to the measured settlement data, the average consolidation degree
can be expressed as,

Fig. 1. Sketch view of settlement vs. time
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U ¼ st � sd
sf � sd

ð2aÞ

Where st is the measured settlement at time t, sd and sf are immediate consolidation
settlement and final consolidation settlement.

Combined Eq. (1) with Eq. (2a), the following expression can be obtained,

st ¼ ðsf � sdÞ½1� a expð�btÞ� þ sd ð2bÞ

In exponential curve fitting method, three data points on the settlement vs. time
curve are selected and the time interval between the points must be the same, that is,

Dt ¼ t3 � t2 ¼ t2 � t1 ð3Þ

Then put the three points into Eq. (2b), three equations can be obtained and the
expressions of b, sf, and sd are shown as follows,

b ¼ 1
Dt

lnðs2 � s1
s3 � s2

Þ ð4aÞ

sf ¼ s3ðs2 � s1Þ � s2ðs3 � s1Þ
ðs2 � s1Þ � ðs3 � s2Þ ð4bÞ

sd ¼ st � sf ½1� a expð�btÞ�
a expð�btÞ ð4cÞ

The above equations are the controlling equations in exponential curve.

3.2 Hyperbolic Curve

For soft clay with high compressibility, the stress vs. strain curve is non-linear, so the
consolidation process of soft clay does not necessarily conform exponential curve.

Table 1. Theoretical values of a and b

Drainage condition a b

Consolidation with vertical drainage 8
p2

p2cv
4H2

Drainage wells run through the soil layer 8
p2

8ch
Fnd2e

þ p2cv
4H2

Drainage wells do not run through the soil layer 8
p2q

8ch
Fnd2e
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When 0.6 < U < 0.9, the relation between U and time factor T can be expressed by
equilateral hyperbola. The theory background of hyperbolic curve is given as follows:

The settlement of soft clay at time t can be calculated by the following equation,

s ¼ s
0
0 þ

t � t
0
0

a0
0 þ b

0 ðt ��t00Þ
ð5Þ

Rewriting Eq. (5), then,

t � t
0
0

s� s00
¼ a

0
0 þ b

0 ðt ��t
0
0Þ ð6Þ

Where and are the intercept and slope of vs. curve.

3.3 Asaoka Method

The one dimensional consolidation equation described by using volumetric strain can
be expressed as follows,

cv
@2ev
@z2

¼ @ev
@t

ð7Þ

On the basis of Eq. (7), Asaoka employed a series to approximate the expression,

sþ a1
ds
dt

þ a2
d2s
dt2

þ . . .þ an
dns
dtn

¼ b ð8Þ

Where s is consolidation settlement, ai(i = 1, 2, 3, …, n) is consolidation coeffi-
cient, b is a constant accounting for boundary condition.

According to Asaoka’ suggestion, the parameters in Eq. (8) can be determined by
using field measured data. Furthermore, Eq. (7) can also be simplified as recursive
relation as follows,

sj ¼ b0 þ
Xn
i¼1

bisj�1 ð9Þ

Taking the fixed boundary condition, the solution for the equation is given by,

sðtÞ ¼ s1 � ðs1 � s0Þ expð� t
a1
Þ ð10Þ

where s0 and are the initial and final settlement of soft clay, respectively, a1 = 5h2/
(12cv).
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3.4 Poisson Curve

Poisson curve is the logistic curve, which is suitable for incremental or decayed “S”
shaped curve. The expression of the commonly-used Poisson curve is given by,

st ¼ k
1þ ae�bt

ð11Þ

where a, b and k are parameters that should be determined by measure data.
The parameters in the expression of Poisson curve can be fitted by using the

measured st curve, the main procedures are shown as follows:
Taking a time interval of and the total number of time series is 3n, then divide the time

series into three sub-series and each sub-series has a number of n data points, that is,

sub� series 1 t ¼ 1; 2; 3; . . .; n
sub� series 2 t ¼ nþ 1; nþ 2; nþ 3; . . .; 2n
sub� series 3 t ¼ 2nþ 1; 2nþ 2; 2nþ 3; . . .; 3n

8<
: ð12Þ

Then assuming that S1, S2 and S3 are the sum of the reciprocal of settlements
corresponding to each time sub-series, the expressions to determine the parameters a, b
and k are given as follows,

a ¼ ðS1�S2Þ2ð1�e�bÞk
½ðS1�S2Þ�ðS2�S3Þ�e�bð1�e�nbÞ

b ¼ lnðS1�S2Þ=ðS2�S3Þ
n

k ¼ n

S1� ðS1�S2Þ2
ðS1�S2Þ�ðS2�S3Þ

8>><
>>:

ð13Þ

Combining Eq. (13) with Eq. (12), the settlement of clay at any time st can be
calculated, and the final settlement equals to the ultimate value of st, when the time t
trends to infinity, that is,

s1 ¼ lim
t!1 st ¼ k ð14Þ

3.5 Grey Forecasting Method

The Grey forecasting method is always referred to as GM model, and the most common
GM Model has isometric time sequence, that is, GM(1, 1) model, the expression of
which is given by the following differential equation,

dxð1Þ

dt
þ cxð1Þ ¼ u ð15Þ
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The corresponding time response equation is,

x̂ð1ÞðtÞ ¼ ½xð1Þð0Þ � u
c
�e�ct þ u

c
ð16Þ

The discrete response equation is,

x̂ð1ÞðkÞ ¼ ½xð1Þð0Þ � u
c
�e�cðk�1Þ þ u

c
ð17Þ

3.6 Logistic Model

Logistic model is a kind of growth model that is widely used in the fields of ecology
and demography. The differential form of logistic model is as follows,

ds
dt

¼ rsð1� s
K
Þ ð18Þ

According to Eq. (18), Logistic curve contains three parameters that should be
determined. If the measured settlement data can be obtained, there are three methods
used to determine these three parameters: three section method, grey model and non-
linear regression method. The main processes of the three methods can be found in
other literatures.

3.7 Gompertz Model

Gompertz model is also a kind of growth curve, the mathematical expression of which
shows as follows,

Fig. 2. Typical Gompertz curve
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y ¼ m exp½�eðn�ltÞ� ð19Þ

where m, n and l are constants, t is time series.
The typical Gompertz curve is shown in Fig. 2. From the figure, it is found that the

theoretical curve agrees well with measured settlement curve. Therefore, it is feasible to
use Gompertz model to predict the settlement of soft clay.

4 Discussions

In Sect. 3, seven methods to predict the settlement of soft clay have been reviewed
detailedly. Although all of them have been applied to predict the settlements of some
highway subgrade successfully, each method has its own application scope.

The exponential curve conforms to the one-dimensional consolidation theory
proposed by Terzaghi and the parameter b has definite physical meaning. However, the
method to determine the parameters a and b based on three data points is subjective,
which will influence the accuracy.

According to Terzaghi’s one dimensional consolidation theory, the hyperbolic
method will make the relation between consolidation degree U and time factor T
simpler than the exponential curve. Therefore, the hyperbolic method is more suitable
for engineers in the field. However, the disadvantage of this method is that the con-
solidation parameters can not be reflected.

Compared with the consolidation of Terzaghi, it is found that Asaoka method
predicts the settlement trends once the degree of consolidation exceeds 0.6. Further-
more, the final settlement of the soft clay can also be predicted well.

The Poisson curve can describe well the S-shaped relationship between settlement
and time. The applicability of Poisson curve for other settlement vs. time curves is
questionable and should be given more attentions.

The four methods mentioned above are traditional methods used for predicting the
settlement of soft clay, while the Grey forecasting method, Logistic model and
Gompertz model are new methods suitable for special kind of soft clay or different
boundary conditions.

5 Conclusion

In this paper, seven different methods for predicting the settlement of soft clay roadbed
have been reviewed detailedly based on the presentation of the settlement mechanism
of soft clay. The applicability of each method has been analyzed. Although all the
methods introduced in this paper have been applied into practices, the accuracy of each
method should be studied in further researches.
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