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Abstract:

This paper presents a new simplified method, based on Hypothesis B, for calculating the
consolidation settlements of double soil layers exhibiting creep. In the new simplified
Hypothesis B method, different stress-strain states including over-consolidation and normal
consolidation states can be considered with the help of the “equivalent time” concept. Zhu and
Yin method and US Navy method are adopted to calculate the average degree of consolidation
for a double soil layer profile. This new simplified Hypothesis B method is then used to
calculate the consolidation settlements of double soil layers, which have two different total
thicknesses of soil layer (4m and 8m) and three different OCR values (Over-Consolidation
Ratio, OCR =1, 1.5 and 2). The accuracy and verification of this new simplified method are
examined by comparing the calculated results with simulation results from a fully coupled
finite element (FE) program using a soft soil creep model. Four cases of double layer soil
profiles are analyzed. Hypothesis A method with US Navy method for the average degree of
consolidation has also been used to for calculating consolidation settlements of the same cases.
For Casel(4m) and Caselll(8m), it is found that curves of the new simplified Hypothesis
B method using both Zhu and Yin method and US Navy method are very close to the results
from FE simulations with the relative errors within 8.5%. For Casell(4m) and
Case IV (8m), it is found that curves of the new simplified Hypothesis B method using Zhu
and Yin method agrees better with results from FE simulations with the relative errors within
11.7% than curves of the new simplified Hypothesis B method adopting US Navy method
with the relative error up to 36.1%. Curves of Hypothesis A method adopting US Navy
method have the relative error up to 55.0% among all four cases. In overall, the new
simplified Hypothesis B method is suitable for calculation of consolidation settlements of
double soil layers exhibiting creep, in which, Zhu and Yin method is recommended to obtain
the average degree of consolidation.
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1. Introduction

The time-dependent phenomenon of soils can be attributed to hydrodynamic lags
(consolidation) and viscous deformation of the soil skeleton [1]. The consolidation of a clayey
soil is caused by the dissipation of the excess pore water pressure while viscous deformation
is due to the viscosity of the soil skeleton, including the creep, stress relaxation, and strain
rate dependency. The design of geotechnical projects, such as the reclamation, needs to
consider the consolidation settlement of the soil exhibiting creep [2, 3].

Ladd et al. [4] questioned whether the creep occurs during “primary” consolidation, which
led to two extreme methods in terms of Hypotheses A and B: Hypothesis A assumes that creep
contribution can be included independently after “primary” consolidation stage, whereas
Hypothesis B assumes that creep contribution should be included throughout the
consolidation and compression process. This question remains controversial among
researchers. Mesri and Godlewski [5], Choi [6], Feng [7], Mesri and Vardhanabhuti [8], and
Mesri [9], supporting Hypothesis A, believed that soil is compressed for two interrelated

reasons: (i) the change of effective stress, (ii) the change of time. Meanwhile, Bjerrum

[10], Stolle et al. [11], Vermeer and Neher [12], Nash and Ryde [13], Yin et al. [14], Leroueil
[15], Leoni et al. [16], Karim et al. [17], Nash and Brown [18] used Hypothesis B to consider
that the creep occurs during the consolidation stage. According to the definition, creep is a
continuous deformation of soil under a constant load (or an incremental creep under an
incremental constant load) [1][14]. It is reasonable to say that creep always exists under the
action of varying effective stress, which means that Hypothesis B is logically correct.

Based on Hypothesis B and the “equivalent time” concept [10, 19, 20], Yin [2], Yin and
Feng [3] presented a new simplified Hypothesis B method for the handy calculation of the
consolidation settlement of a single soil layer exhibiting, considering different stress-strain

states. Yin and Feng [3] verified the accuracy of this new simplified method by comparing



calculated values with results from fully coupled finite element (FE) simulations. In reality,
due to the geological history, a soil profile has layers more than one layer [21, 22]. The
consolidation problem of multiple soil layers was extensively studied before. Schiffman and
Stein [23] obtained a mathematical solution for a layered consolidation problem. US
Department of the Navy [24] proposed a simplified procedure to convert multiple soil layers
into one single soil layer. Details of this procedure will be presented later. Zhu and Yin [22, 25]
presented an analytical solution and solution charts for double soil layers under the ramp
loading with different depths, and demonstrated the different consolidation behaviors between
the double soil layers and a simplified one single soil layer [24]. Meanwhile, Xie et al. [26]
introduced an analytical solution for the two-layered soil with partially drained boundaries.
Xie et al. [27] considered the nonlinear properties of double layered soils. Related problems
such as double layered soils with vertical drains [28, 29], soft clayey soils reinforced by
floating stone columns [30, 31] and double layered system for unsaturated soil [32] have been
widely studied without considering creep.

This paper aims to generalize a new simplified Hypothesis B method (Yin anf Feng 2016)
for a single soil layer to double soil layers for calculating consolidation settlement of soils
with creep for different stress-strain states under instant loading. Examples with two
different total thickness values (4m and 8m) and three different stress-strain states

(Over-Consolidation Ratio, OCR =1, 1.5 and 2) are presented to illustrate the accuracy of

this simplified Hypothesis B method when using Zhu and Yin method [22, 25] and US Navy
method [24] for determination of the average degree of consolidation. The accuracy (or
relative errors) of this simplified Hypothesis B method is examined by comparing calculated
results with simulation results from a fully coupled finite element software with an elastic
visco-plastic constitutive model for the clayey soil used in the examples. As a benchmark

comparison, the conventional Hypothesis A method with US Navy method for the average



degree of consolidation has also been used to calculate consolidation settlements of the same

casces.

2. Brief Review of the New Simplified Method Based on Hypothesis B for a Single Soil
Layer

Based on Hypothesis B and “equivalent time” concept [19, 20, 33], Yin [2], Yin and Feng
[3] proposed a new simplified Hypothesis B method for 1-D consolidation settlement

prediction for one single layer of a clayey soil as follows:

StotaIB = S”primary" + Screep (1)
= UvSf +[aScreep,f + (1 - a)s“secondary'] fOr t>1 day (t 2 tEOP, field for S"secondary')
where S, inan =U, S denotes the settlement of “primary” consolidation at any time t,. U,

is the average degree of consolidation for the soil layer, S, represents the final settlement at
the end of “primary” consolidation. It is noted that S; =&, H where &, is the considering

vertical strain and H is the thickness of a single soil layer. In Eq.(1), S is the creep

creep
settlement during and after “primary” consolidation, The subscript “creep” indicates that the
settlement is related to creep. In Eq.(1) « is a constant parameter to reasonably consider the
creep settlement during and after the consolidation, and its value should be in the range from

0tol. S in Eq.(1) is the creep settlement calculated at the final effective stress

creep, f

ignoring the coupling of the excess pore water pressure and S, = &yep H Where

Ecreep.r 18 the corresponding final creep strain. In Eqe.(1) S. is the “secondary”

secondary"

consolidation  settlement  based on  Hypothesis A, Sesecondary = Evsecondary”

C t
=1 “—log H where  &.oongary
+ eO tEOP,fieId

the corresponding “secondary” strain, C_ is the

“secondary” consolidation coefficient, €, is the initial void ratio, and tgop g9 1S the time at



the End-Of-Primary (EOP) consolidation in the field and can be calculated using the time at

U, =98% . Itis noted that when « =0, Eq.(1) is reduced to the equation of Hypothesis A

method: S, =U,S; +S for t>tgp e for S We use S, to denote

'secondary" ‘secondary" *

the settlement calculated using Hypothesis A method here, rather than still using S, ;5 -

The key issue of Eq.(1) is how to accurately determine the creep strain under different
stress-strain states including the normal consolidation and over-consolidation states in the new
simplified Hypothesis B method. Figure 1 shows the relationship of vertical strain versus

log(vertical effective stress) with different stress-strain states. The initial stress-strain state,
Point 1(0,,¢,) , and pre-consolidation stress-strain state, Point 3 (o,,¢,,) , are already
known. The slope of unloading-reloading line is C,/(1+e€,) , and the slope of normal
consolidation line is C_/(1+e,) , which are obtained from oedometer tests with duration of
24 hours (1 day) as a common approach. When the initial point is at Point 1 and the final
effective stress state is at Point 2 on the over-consolidation line, the final “primary”

consolidation and creep strains are calculated with the following equations (Yin and Feng

2016):
C \
gf = ‘922 = : log( O-sz J + gzl
l1+e, o,
C t+t
gcreep = = IOg i 2 (2)
’ 1+eg, t, +t.,

(sz—gzp)(He”) o _Cae
t,=t, x10 Cor [0—22 —t, for t>1day

The t,is a material parameter and shall be taken as 1 (day) since C,/(1+¢,) and
C./(1+e,) are obtained from oedometer tests with duration of 24 hours (1 day). Eq.(2) is

valid for time t equal to or larger than 1 day since the data points in Figure 1 all have 1 day

duration already.



When the initial point is at Point 1 and the final effective stress state is at Point 4 on

the normal consolidation line, the final “primary” consolidation and creep strains are

Ce G;P Cc 0-;4
E =&, = log| — |+¢,, |+ log| —+
1+e, o, 1+e, O

Ecreep. 1 =C—”“*log[lj for t>1day

0

expressed as:

We prefer to call C, a creep coefficient, rather than the ‘“secondary” consolidation

coefficient since Eq.(2) and Eq.(3) consider creep occurs during and after “primary”

consolidation. Eq.(2) and Eq.(3) are derived by using the equivalent time t, proposed by Yin

and Graham [19, 20], Yin et al. [14].

3. A New Simplified Hypothesis B Method for Calculating Consolidation Settlement of
Multiple Layers of Soils Exhibiting Creep

In many cases, there are more than one layer of soils in the field and each stratum is
influenced by the other layer[25]. To consider double soil layers condition, a new simplified

Hypothesis B method is proposed:

n

StotaIB = Z S"primary"i + Z Screepi = U a z S fi + z[ascreep, fi + (1 - a)s“secondary'i ]
= c

i i=1 i=1 i=1

n
i

n
= U a gfi Hi + {[agcreep, fi + (1 - a)g"secondary'i ]HI } for t> lday (t 2 tEOP, field for S"secondary'i)
i=1
(4)
n
where z Siprimaryi 18 the “primary” consolidation settlement of n soil layers, U, and

i=1

n

ZSﬁ are the average degree of consolidation and the total “primary” consolidation
i=1

n n
settlement of n soil layers,z Screepi 18 the total creep settlement of n soil layers, Z Sereep. i
i=1 i=1



n

S

i=1

are the total final creep settlement and the total “secondary” consolidation

"secondary"i

settlement of n soil layers. Eq.(4) is an extension of Eq.(1) to consider multiple soil layers.
Eq.(4) can be reduced to Eq.(1) when n=1. In previous study, Yin and Feng [3] suggested
a 0.8 for a single soil layer. In the study of this paper, the authors have found that « is
related to Over-Consolidation Ratio (OCR) and can be taken asa =0.4+0.20CR. For
OCR=1, 1.5, and 2, we have a =0.6,0.7, 0.8. The verification of these « values can be
seen in Figures 3 to 8 later with a comparison with FE simulation results. Egs. (2) and (3) are

also used to determine the final creep compression &, and then creep settlement
Sereep.t OF @ soil in each layer under different stress-strain states. Another important issue is

how to correctly determine the average degree of consolidation, U, for multiple soil layers.

In this paper, we use Eq.(4) to analyze a double soil layer system which was studied
before by Zhu and Yin [22, 25], Xie et al. [21, 26] without considering creep. In this
analysis, the solution derived by Zhu and Yin [22, 25] for double soil layer consolidation
analysis is adopted (denoted Zhu and Yin method) for calculating the average degree of

consolidation U,. Zhu and Yin [22, 25] provided charts for calculating the average degree of
consolidationU, . In the solution and charts, Zhu and Yin [22, 25] introduced two independent
parameters ( P,Q), construction time factor (T_) and time factor (T ) for the consolidation

settlement calculation. Key equations are summarized as follows:



\/k mv2 \/k mvl
\/k m,, +4/km,
_Hye, —H,ye,
Hy e, +Hoofo,

:ﬂ+®
2
(5)
_(1-9)
6= 2
CVICVZtC
T =
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T — Cvlcvzt
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o0
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where A, is the root of the equation siné+ psin(qéd)=0 for both top and bottom drained
condition (conditionl) and the equation c0sé — pcos(qd) =0 for one side drained condition

(condition2). Values of ¢, are determined by the following equation:

2[mvl &sin(4,E)+m,,H,wsin(4, a))]2 for condition
c - @’ E(m,H, +m,H,)[m, H Esin’(4,6)+m,H,wsin’ (1, )] )
> [m“ 19&005(/1"98)] — for condition 2
o”(m,H, +m,H,)[m,H & cos”(4,5) +m,,H,wsin”(4,0)]

Details of the derivation could be found in Zhu and Yin [22, 25] and the solution is valid for
the uniform vertical stress under the ramp loading on double soil layers. The procedures of a
step-by-step calculation are provided later.

US department of the Navy [24] proposed a simplified procedure for consolidation
analysis of multiple soil layers. For double soil layers, we can convert soil layer 2 to an

equivalent thickness of soil layer 1, using:



H; = Hz(cvl/cvz)l/2
c,t (8)

T:—,2
(H1+H2)

where H, is the height of the soil layer 2, H, is the equivalent thickness of soil layer 2 as

if it 1s made up of soil layer 1, c,, and c,, are the coefficients of consolidation for layers 1

vl
and 2, respectively. T 1is the overall time factor of the whole deposit. After the conversion,

the average degree of consolidation, U,, can be determined as one single soil layer. This

method is named as US Navy method in this paper.

4. Four Cases of Double Soil Layers and Finite Element Modelling Approach

In this section, we have selected the geologic profile of the Hong Kong International
Airport (HKIA) in Lantau Island, Hong Kong as an example to apply the new simplified
Hypothesis B method for consolidation analysis of double soil layers. The representative
values of soil parameters are adopted for using this new simplified method to calculate the
consolidation settlement of soils with creep. Plaxis (2D 2015 version) is also used to analyze
the consolidation settlement of the same soil layers. The corresponding results will be
presented and compared in the next section to verify the applicability and accuracy of the new

simplified Hypothesis B method.

4.1 Description of the double soil layers

There is more than one soil layer at the site of HKIA [34, 35]. “Upper Marine Clay” is at
the top of the soil layer with 2m~8m in thickness and “Upper Alluvium” layer underlays the
“Upper Marine Clay”. The base of “Upper Alluvium” is regarded to be impermeable, and the

top of “Upper Marine Clay” is seabed and normally filled by sand so that the top is
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considered free drained [36]. Detailed description of “Upper Marine Clay” can be found in [3],
[37], [38]. The void ratio of “Upper Alluvium” is 1. Both “Upper Marine Clay” and “Upper
Alluvium” are considered to have three different Over-Consolidation Ratio (OCR) values

(OCR =1, 1.5 and 2) as a parametric study.

Figure 2 shows the profile of four cases of double soil layers. Table 1 presents values of
all parameters of four cases of double soil layers used for consolidation analysis using the new
simplified Hypothesis B method and Finite Element Modelling (FEM) using Plaxis (2D

version 2015). The total thickness of Casel (4m) and Casell (4m) is 4m with 2 m “Upper

Marine Clay” in the top followed by 2 m “Upper Alluvium”, the bottom of which is

impermeable. Comparing to Casel (4m), the difference of Casell (4m) is that the

permeability value of “Upper Marine Clay” is increased by one order and the permeability
value of “Upper Alluvium” is decreased by one order. The total thickness of and

CaselV (8m) is 8 m with 4 m “Upper Marine Clay” in the top followed by 4 m “Upper
Alluvium”, the bottom of which is impermeable. Comparing to Case Il (8m), the difference
of CaselV (8m)is that the permeability value of “Upper Marine Clay” is increased by one

order and the permeability value of “Upper Alluvium” is decreased by one order. A  vertical

stress of 20kPa is assumed suddenly applied on the two layers in Figure 2 [3].

4.2 Description of a Finite Element Modelling Approach

In order to verify the accuracy of the new simplified Hypothesis B method for double soil
layers, the Finite Element (FE) software Plaxis (2D version 2015) is used for the numerical
simulation adopting the soft soil creep (SSC) model [12], [39], which is, in fact, an non-linear
Elastic Visco-Plastic constitutive model [40][41]. A two-dimensional plane strain finite
element mesh with 15-node triangular elements is used in Plaxis simulation.

As illustrated in Figure 2, the top elements of the soil have free drainage and the bottom

-11 -



elements are impermeable when conducting the consolidation analysis. The left and right
vertical boundaries in Figure 2 are impermeable and are confined to have vertical movements
only. A vertical stress of 20kPa is instantly applied on the top of all FE simulation models
and the loading period is up to 100000 days to make sure that consolidation is totally
completed in all simulation cases. The monitoring point for the settlement is at the top surface
of the FE model, as illustrated in Figure 2. The definition of the SSC parameters can be found
in the Plaxis manual (2D version 2015), and values of parameters used in Plaxis are listed in
Table 1. The initial pre-consolidation stress plays an important role in the ground settlement
prediction when adopting the SSC model [39]. When considering OCR value effects, OCR
values of “Upper Marine Clay” and “Upper Alluvium” are set to be 1, 1.5 and 2. Initial
stress-strain condition before adding the vertical loading and consolidation is generated with

the in-situ Ko condition.

5. Application and Verification of the New Simplified Hypothesis B Method for
Consolidation Analysis of Double Soil Layers with Creep

This section presents the detailed procedures of applying the new simplified Hypothesis B
method for consolidation analysis of four cases of double layers of soils exhibiting creep and

calculated results.

5.1 Procedures of applying the new simplified Hypothesis B method for consolidation
settlement calculations

In order to calculate the consolidation settlement of soils with creep, the initial and final
effective stress states should be firstly determined. It is suggested that the total thickness of
4m or 8m shall be divided into a number of sub-layers with 0.5m thickness in order to

calculate the final primary settlement S, more accurately for each soil type layer.

-12 -



' '

Secondly, values of the initial effective stress (o, i ), that is, Point 1(o,,,¢,,) in Figure 1,

' '

pre-consolidation stress state (o, ;) and final effective stress (o ;) for each sub-layer j after

#,j

loading are calculated below:

O-;l,j = Vsoitj —Vw)Z;
Osz,j :OCRXJ;I,j )

Ok =0 + Ao,

where z; is the sub-layer middle location, y; ; is the saturated weight of the soil in the

sub-layer, as listed in Table 1, y, is water unit weight, taken as 9.81 kN/m?3, AG; is the

vertical loading, taken as 20 kPa in the calculation. In Eq.(9), we introduce a new index “j”
for sub-layers (up to a total of m sub-layers) of 0.5m thick only for each soil type. This index

(1352
|

“J” is different from the index “i”” in Eq.(4) which is for layers of different soils.
It should be noted that the unit weight of “Upper Alluvium” is different from that of “Upper

Marine Clay” soil and the initial effective stress should be determined carefully for each layer

'

in Figure 2. As shown in Figure 1, the initial effective stress state is at Point 1(o,,,&,,) for

z1»

OCR =1.5 or 2, and at Point 3 (o ) for OCR =l. Assuming the initial strain is zero

m’gm
for all four cases. Final effective stress state is at Point 4 (c,,,¢,,) after the loading of

20kPa for all the sub-layers of “Upper Marine Clay” with two different thicknesses 2m or 4m

and OCR values. After the loading of 20kPa, the final effective stress state after the stress
increment is at Point 4 (c,,,¢,,) for all sub-layers of “Upper Alluvium” with OCR =1,
but at Point 2 (o,,,&,,) for some sub-layers of “Upper Alluvium” when 8m layer when
OCR =1.5 or 2 and 4m soil layer with OCR =2. All these final effective stresses can be

calculated using the parameter values in Table 1.

Thirdly, Eq. (3) is used after the stress increment of 20kPa to determine “primary”
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consolidation final settlementS ;, for each sub-layer j of 0.5m thick with OCR =1 of a soil

fi,j »
type layer i. Since all the sub-layers of “Upper Marine Clay” and “Upper Alluvium” are at

Point 4 (c,,,¢,,) for final effective stress state, Eq. (3) is used for S, ;. When the final

fi,j *
effective stress state is at Point2 (c,,,£,,) , Eq. (2) is adopted for some sub-layers of “Upper

Alluvium”. The total final “primary” consolidation settlements of “Upper Marine Clay” and
“Upper Alluvium” can be obtained by summing those of all sub-layers. Afterwards, the total

final “primary” consolidation settlement S, the coefficient of volume compressibility, m

vi 2

and the coefficient of consolidation,c

1Yy

for the whole “Upper Marine Clay” or the whole

“Upper Alluvium” can be obtained as follows:

(10)

where H, is the total thickness of “Upper Marine Clay” or “Upper Alluvium”. Calculated

values of S;, m,,and c,for “Upper Marine Clay” and “Upper Alluvium” are listed in

Table 2.

Fourthly, the factors for double soil layers, p and (, can be calculated with Eq. (5) by
substituting the values of m, and c,, and the corresponding values are also listed in Table 2.
Take Casel(4m) with OCR=l as an example: H, =H, =2m, c,=0.00122 m*day and
c,,=0.02208 m?/day in Table 2, the time factor, T, after a loading time of 100 days with

one-way drainage condition could be determined as follows:

T C,,C,ot 0.0012x0.02208x100 _ a1

(H,Je, +Hoo, | 4(4/0.02208 ++/0.0012)’

From the solution charts for one-way drainage condition [25], the average degree of
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consolidation U, 1s 18% for p=-0.3 and q=0.62 (from solution charts in Zhu and Yin
[22, 25] ) and is 13% for p=0.3 and ¢=0.62.1t is noted that T, =0 since the loading is
suddenly applied. With the help of the interpolation method for p =-0.22 in Table 2, the
average degree of consolidation U, at time of 100 days and for p=-0.22 and q=0.62

could be obtained:

U - [0.3 = (~0.22)]x 18% +[(~0.22) — (=0.3)]x 13%
© [0.3—-(=0.3)]

=17.3% (12)

Similarly, the average degree of consolidation, U, for double soil layers in other different

times or other conditions can also be determined.
In order to compare with the US Navy method [24], the average degree of consolidation,

U,, is also calculated by transferring the “Upper Alluvium” into “Upper Marine Clay” soil

considering the difference of coefficient of consolidation,c,, with Eq.(8). Then, the average

degree of consolidation, U, could be easily determined as one equivalent single layer.
Lastly, for “Upper Marine Clay”, the creep compression ¢, ; 1s calculated by adopting

Eq.(3) when the final effective stress state is in a normal consolidation state. Eq.(2) shall be

used for calculating the creep compression ¢, ; when the final effective stress state of some
sub-layers is in over-consolidation state. The equivalent times, t.,, in Eq.(2) shall also be

calculated first using the third row equation in Eeq.(2) for a few sub-layers of “Upper

Alluvium” with 8m and listed in Table 3 for OCR =2. Values of t., 44 are determined to

be the time when the average degree of consolidation is 98% for double soil layers.

5.2 Comparison of results from the new simplified Hypothesis B method, FE simulations,
and Hypothesis A method

The finite element software Plaxis (2015 version) are used to simulate the same four cases
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of double soil layers and results are used to verify the accuracy of calculated results using the
new simplified Hypothesis B method. Since the conventional Hypothesis A method is still
used by some people. The limitations of this method are not well understood. It is also good
to know the difference between the new simplified Hypothesis B method and conventional
Hypothesis A method. Therefore, the conventional Hypothesis A method with US Navy
method for the average degree of consolidation has also been used to calculate consolidation
settlements of the same cases.

Curves of the new simplified Hypothesis B method are compared with curves from FE
simulations with a SSC model and from Hypothesis A method in Figures 3~8 for different
layer thickness and OCR values. Dot symbols are results from the Plaxis FE simulations.
Solid lines represent calculation results of the new simplified Hypothesis B method with Zhu
and Yin method for Ua. Dashed lines are the calculation results of the new simplified
Hypothesis B method with US Navy method for Ua., Doted lines are the calculation results of

the Hypothesis A method with US Navy method for Ua.

(a) Casel(4m)and Casell(4m)

A comparison of FE simulation results with SSC model and the new simplified Hypothesis
B method using Zhu and Yin method and US Navy method is shown in Figure 3 for 4m thick
double soil layers with OCR=l (a=0.6). For Casel(4m), it can be observed that
calculated results of the new simplified Hypothesis B method using US Navy method and Zhu
and Yin method for Ua are almost the same as illustrated in Figure 3(a) and are all very close
to FE simulation results. The calculated curves with Zhu and Yin method for Ua are
overlapped by those with US Navy method for Ua when the primary consolidation is

completed. For Casell(4m), there is an obvious gap between the calculated results using

Zhu and Yin method for Ua and those adopting US Navy method for Ua. It is seen clearly
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from Figurer 3(b) that calculated curves of the new simplified Hypothesis B method using
Zhu and Yin method for Ua are in a good agreement with FE simulation results. However, the
obvious difference between FE simulation results and calculated results using US Navy
method is observed during the consolidation stage. After the consolidation stage, results of the
new simplified Hypothesis B method using both Zhu and Yin method and US Navy method
are very close to FE simulation results. By comparing the results between the new simplified
Hypothesis B method using Zhu and Yin method, US Navy method and FE simulation results,
it can be deduced that US Navy method predicts the wrong average degree of consolidation,

U,, for double soil layers in Casell(4m). It is seen from Figure 3 that Hypothesis A

method gives much less settlement compared to results from the FE simulation and the new
simplified Hypothesis B method.
Yin and Feng [3] defined the parameter, relative error, to evaluate the accuracy of the

new simplified Hypothesis B method at a certain time t. The relative error is defined as:

relative error =|(Syue — Spiais )/ Spiaxs| X 100% (13)

where S is the predicted settlement from Plaxis at time t. In this paper, we take two

Plaxis

times at U _,=50%, U _=80% (from Hypothesis A method using US Navy method for Ua)
and time of 100000 days. S, 1s the total settlement calculated from the new simplified

Hypothesis B method. Eq.(3) can also be used to calculate relative error for Hypothesis A

method, in which S, is replaced by S As a result, values of relative error for all

totalA *
double soil layer conditions are listed in Table 4(a).

Figure 4 shows the comparison of settlement-log(time) curves from FE simulation, the new
simplified Hypothesis B method, and Hypothesis A method for 4m double layers of soil

profile with OCR =1.5(a =0.7). Figure 5 shows the comparison of settlement-log(time)

curves from FE simulation, the new simplified Hypothesis B method, and Hypothesis A
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method for 4m double layers of soil profile with OCR =2 (& =0.8). Similar characteristics
are observed for the new simplified Hypothesis B method with Zhu and Yin method and US

Navy method for U, in the two cases in Figures 4 and 5.

For 4m thick double soil layer with OCR =1, 1.5, and 2 it can be observed in Table 4(a)
that the values of relative error are from 0.9% to 10.3% for the new simplified Hypothesis B
method using Zhu and Yin method for U, and from 0.7% to 35.5% for the new simplified
Hypothesis B method using US Navy method forU ,. However, values of relative error are
from 10.1% to 50.4% for the Hypothesis A method with US Navy method for U,. The

Hypothesis A method underestimates the consolidation settlement a lot.

(b) Caselll(8m)and CaselV (8m)

For 8m thick double layers of soil profile, Figures 6, 7, 8 show comparisons of curves
from the FE simulation, the new simplified Hypothesis B method with Zhu and Yin method
and US Navy method for U,, and from Hypothesis A method with US Navy method for U,
for OCR=1,1.5 and 2, respectively. Characteristics of these curves are similar to those in
Figures 3, 4, and 5. In overall, the curves from the new simplified Hypothesis B method with
Zhu and Yin method for U, are closer to the dot lines from the Plaxis FE simulations than
those from other two simple methods. Again, Hypothesis A method underestimates the
settlement a lot.

All values of the relative error are listed in Table 4(b). In both cases of
Caselll(8m)and CaselV(8m) with OCR =1, 1.5, and 2, it can be observed in Table 4(b)
that the values of relative error are from 0.7% to 11.7% for the new simplified Hypothesis B

method using Zhu and Yin method for U, and 0.1% to 36.1% for the new simplified

Hypothesis B method using US Navy method for U,. The values of relative error are from

-18 -



21.1% to 55.0% for the Hypothesis A method with US Navy method for U,. Again, the

Hypothesis A method underestimates the consolidation settlement a lot.

Some errors are caused by the approximation of US Navy method for estimating U ,. Zhu

and Yin [25] found that errors of US Navy method are very significant in some simplification
cases of double soil layers which are converted into one single soil layer. In order to predict
the long term consolidation settlement as accurately as possible, Zhu and Yin method is

recommended for calculating U, of a double soil layer profile.

6. Conclusions

Based on Hypothesis B and the “equivalent time” concept [19, 20], a new simplified method
1s presented to calculate the consolidation settlement of double layers of soils with creep for
different stress-strain states. Two idealized soil layers with different total thickness values (4m
and 8m) and three different OCR values are considered for consolidation analysis to illustrate
the applicability of this new simplified Hypothesis B method. Zhu and Yin method and US
Navy method are adopted to obtain the average degree of consolidation for double soil layers.
Four cases of the consolidation of the double soil profile have been analyzed using a Finite
Element (FE) method with an elastic visco-plastic constitutive model, the new simplified
Hypothesis B method, and Hypothesis A method. Results are presented and discussed. Main
conclusions are drawn as follows:

(a) It 1s found that the curves from the new simplified Hypothesis B method adopting Zhu

and Yin method for U are generally in good agreement with results from FE simulation.
The relative error of this new method with Zhu and Yin method for U, is from 0.9% to

8.5% for Casel(4m) and Caselll(8m), and from 1.0% to 11.7% for Casell(4m) and

Case Il (8m).
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(b) Curves from the new simplified Hypothesis B method adopting US Navy method for U,
are close to those from the new method with Zhu and Yin method U, in Casel(4m)
and Caselll(8m) and those from the FE simulations. The differences and relative
errors are big in Casell(4m) and Case IV (8m). The relative error of this new method
adopting US Navy method for U, is from 0.1% to 7.3% for Casel(4m) and
Case I11(8m), and from 0.5% to 36.1% for Casell(4m) and Case llI(8m).

(c) The consolidation settlements are all underestimated by using Hypothesis A method
adopting US Navy method for U, for all cases. The relative error of the Hypothesis A
method adopting US Navy method for U, is from 10.1% to 55.0% for all four cases.

(d) According to the study in this paper, this new simplified Hypothesis B method adopting
Zhu and Yin method for calculating the average degree of consolidation is the most
accurate method for calculating the consolidation settlements of double layers of soils

exhibiting creep.
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