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A new simplified method and its verification for calculation of
consolidation settlement of a clayey soil with creep
Jian-Hua Yin and Wei-Qiang Feng

Abstract: The calculation of the consolidation settlement of clayey soils with creep behaviour has been a challenging issue with
a long history. After a brief review the assumptions made in the two methods based on Hypothesis A and Hypothesis B, the
authors present a new simplified hypothesis B method for calculation of consolidation settlement of a clayey soil with creep.
Equations of this method are derived based on the “equivalent time” concept for different stress—strain states. This simplified
Hypothesis B method is then used to calculate the consolidation settlement of a number of typical consolidation problems. The
approximation and verification of this simplified method are examined by comparing the calculated settlements with settle-
ments computed using two fully coupled finite element (FE) consolidation analysis programs using elastic viscoplastic (EVP)
constitutive models (Hypothesis B) and the Hypothesis A method. It is found that the curves calculated using the new Hypoth-
esis B simplified method with a factor « = 0.8 are close to curves from two FE model simulations with relative errors in the range
0.37%~8.42% only for three layers of Hong Kong marine clay (HKMC). In overall, the settlements calculated using Hypothesis A
method are smaller than those from the two FE simulations with relative error in the range 6.52%~46.17% for the three layers of
HKMC. In addition, this new simplified Hypothesis B method is used to calculate the average strain of consolidation tests done
by Berre and Iversen in 1972. The calculated results are compared with the test data, and values from a fully coupled finite
difference (FD) consolidation analysis using Yin and Graham’s EVP constitutive model (Hypothesis B), and Hypothesis A method.
It is found that, again, the results from the new simplified Hypothesis B method are very close to the measured data. In
conclusion, the new simplified Hypothesis B method is a suitable simple method, by spread-sheet calculation of the consolida-
tion settlement of a single layer of a clayey soil with creep.

Key words: clay, settlement, consolidation, time-dependent, creep, viscoplastic.

Résumé : Le calcul du tassement de consolidation des sols argileux avec un comportement de fluage a été un enjeu difficile avec
une longue histoire. Aprés un bref examen des hypothéses formulées dans les deux méthodes basées sur 'Hypothése A et
I’'Hypothése B, les auteurs présentent une nouvelle méthode d’Hypothese B simplifiée pour le calcul du tassement de la
consolidation d’un sol argileux avec fluage. Les équations de cette méthode sont dérivées basées sur le concept de « temps
equivalent » pour différents états de contrainte-déformation. Cette méthode d’Hypothése B simplifiée est ensuite utilisée pour
calculer le tassement de la consolidation d’un certain nombre de problémes typiques de consolidation. Le rapprochement et la
vérification de cette méthode simplifiée sont examinés en comparant les tassements calculées avec les tassements calculées en
utilisant deux programmes d’analyse de consolidation par éléments finis (EF) entiérement couplés en utilisant des modéles
élastiques viscoplastiques constitutifs des méthodes (Hypothése B) et 'Hypothese A. On constate que les courbes calculées en
utilisant la nouvelle méthode simplifiée d’Hypothése B avec un facteur « = 0.8 sont proches de courbes a partir de deux
simulations de modéles a EF avec des erreurs relatives dans la gamme de 0,37~8,42 % seulement pour trois couches d’argile
marine de Hong Kong (« Hong Kong marine clay (HKMC) »). Dans ’ensemble, les tassements calculées en utilisant une méthode
d’Hypotheése A sont plus petits que ceux des deux simulations d’EF avec erreur relative dans la gamme de 6,52~46,17 % pour les
trois couches de HKMC. En outre, cette nouvelle méthode d’Hypothése B simplifiée est utilisée pour calculer la déformation
moyenne des essais de consolidation réalisés par Berre et Iversen en 1972. Les résultats calculés sont comparés avec les données
d’essai, et les valeurs d’une analyse de consolidation de la différence finie entierement couplée en utilisant le modeéle constitutif
viscoplastique élastique de Yin et Graham (Hypothése B), et I'Hypothése A. On constate que, encore une fois, les résultats de la
nouvelle méthode d’Hypothése B simplifiée sont tres proches des données mesurées. En conclusion, la nouvelle méthode
d’Hypothese B simplifiée est une méthode simple appropriée, par le calcul du tassement de consolidation d’une couche unique
d’une terre argileuse avec fluage. [Traduit par la Rédaction]

Mots-clés : argile, tassement, consolidation, en fonction du temps, fluage, viscoplastique.

Introduction rate effects, “apparent pre-consolidation pressure”, etc., are all

It is well known that the stress-strain behaviour of clayey soils part of the time-dependent stress-strain behaviour. Under load-
is time-dependent due to the viscous nature of the skeleton of the ing, the clayey soils in a saturated condition are subjected to a
soils (Bjerrum 1967; Graham et al. 1983; Leroueil et al. 1985; Olson consolidation process, in which the excess pore-water pressure
1998). The physical phenomena, such as creep, relaxation, strain dissipates with time, resulting in compression of the soils or set-
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Fig. 1. Curve of void ratio versus log (time) and “secondary” compression coefficient. [Colour online.]
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tlement. For the design of structures, such as reclamation or foun-
dation on the clayey soils, we need to calculate the consolidation
settlement of the soils with certain accuracy.

Terzaghi (1943) first presented a theory and equations for anal-
ysis of the consolidation of soil in one-dimensional (1-D) straining
(oedometer condition). His 1-D consolidation theory was based on
eight assumptions (Terzaghi 1943; Craig 2004). The most question-
able assumption is that “there is a unique relationship, indepen-
dent of time, between void ratio and effective stress” (Craig 2004).
In fact, the relationship between void ratio and effective stress is
time-dependent and strain-rate dependent. Therefore, in reality,
Terzaghi’s 1-D consolidation theory cannot be applied to consol-
idation settlement calculation of clayey soils with creep. Many
researchers have taken efforts to propose improved methods
for calculation of consolidation settlement of clayey soils by
considering creep. These improved methods can be divided in
two types: one is based on hypothesis A (Ladd et al. 1977; Mesri and
Godlewski 1977) and the other one is based on Hypothesis B
(Gibson and Lo 1961; Barden 1965, 1969; Bjerrum 1967; Garlanger
1972; Leroueil et al. 1985; Hinchberger and Rowe 2005; Kelln et al.
2008). The assumptions used in the two methods are examined
more closely in the following paragraphs.

It shall be pointed out that the calculation of consolidation
settlement in this paper is confined to the case of 1-D straining
condition and one single soil layer with constant soil properties.
The assumptions used in the method based on Hypothesis A for
the calculation of consolidation settlement are

1. There exists a so-called “end-of-primary” (EOP) point between
“primary consolidation” period and “secondary compression”
without excess pore-water pressure (u, = 0) with the corre-
sponding time t;op (see Fig. 1).

2. There is no creep compression during the primary consolida-
tion period; but the creep compression occurs only in the
secondary compression starting at ;o (see Fig. 1).

3. The creep compression occurs in the secondary compression
period can be described by the “secondary consolidation coef-
ficient” C,., whichis C,. = —Ae/A log t, where e is void ratio and
t is the duration time of the present loading (see Fig. 1).

Based on the above assumptions, a mathematical equation of
the method based on Hypothesis. A for the calculation of the total
consolidation settlement S, ., in the field is

Lrop Ly T log(t)
(1) StotalA = sprimary + Ssecondary
UsSe for t < tpop fiea
= C
US; + —— log H fort >t
14 (tEOP.ﬁeld> FoRfed
where S, imary 1S the primary consolidation settlement at time t

and is equal to U,S¢in which U, is the average degree of consol-
idation and S; is the final primary consolidation settlement.
In eq. (1), e, is the initial void ratio and H is the total thickness
of the soil layer. The “secondary” compression settlement is

Secondary = —— log H and is calculated as of t > tyop geras
Yy 1+ e, t ’
EOP, field
which is the time at EOP in the field condition. The tyop geiq iS
dependent on the thickness of the soil layer and hydraulic perme-

ability of the soil. The two main problems in eq. (1) are as follows:

1. The separation of the primary consolidation period and sec-
ondary consolidation period is subjective and not accurate.
According to the Tergazhi’s 1-D consolidation theory, the time
corresponding to excess pore-water pressure u, = 0, that is,
U, = 100%, is infinite, that is, tyop ge1q Shall be infinite. To get
around this problem, it is often assumed that the time corre-
sponding to U, = 98% is the time tyop geiq at “EOP”.

2. There is no creep when time t < tzop fe1g @5 Shown in eq. (1),
that is, no creep in the primary consolidation; however, creep
occurs right after tgop ge1q as Secondary compression.

In fact, under the action of the effective stress, the skeleton of a
clayey soil exhibits viscous deformation, or ongoing settlement in
1-D straining case. Even in the primary consolidation period, there
are effective stresses, which may vary significantly with time. The
rate of creep compression depends on the state of consolidation,
such as normal consolidation (NC) or overconsolidation (OC).
Therefore, due to the exclusion of creep compression in the pri-
mary consolidation period, the method based on Hypothesis A
normally underestimates the total consolidation settlement.

In a different approach, the method based on Hypothesis B does
not need these assumptions in Hypothesis A. The method based
on Hypothesis B is a coupled consolidation analysis using a proper
constitutive relationship for the time-dependent stress-strain be-
haviour of clayey soils. The time-dependent compression of the
clay skeleton, for example, creep in the primary consolidation, is
naturally included in the coupled consolidation analysis. The
equations of the method based Hypothesis B can be expressed as
follows.
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From the mass continuity condition, we can derive

2,
&6 U, de,

Yooz Ot

)

where k, is the vertical hydraulic conductivity (assumed to be
constant here for simplicity); u, is the excess pore-water pressure;
g, is the vertical strain (compression strain is positive here); v,, is
the unit weight of water; z is the vertical co-ordinate axis. There
are two unknowns in eq. (2), thatis, u, and ¢,. A constitutive model
equation is needed.

Yin and Graham (1989, 1994) developed, validated, and applied
a 1-D elastic viscoplastic (1D EVP) constitutive model for the time-
dependent stress—strain behaviour of clayey soils. The 1D EVP con-
stitutive model equation is

-7 <1\ A
_ k% ¥ (e _ o0 Y] b2
(3) £, VO'; + Vi, exp[ (sz sm)w (0_,

z0

where ¢, and ¢, are the vertical strain rate and strain; /V together
is considered to be one parameter related to the elastic compres-
sion of the soil; ¢, and o/, are the vertical effective stress rate and
effective stress, respectively; ¢ is the creep parameter that de-
scribes the linear relationship between vertical strain and In-
(time); V is equal to (1 + ¢,), called specific volume; A is defined as
Ae[In(d?, [0, for elastic—plastic compression, and the slope of the
normal compression line of the soil is A[V; the three parameters
NV, &2, o define a “reference time line” (Yin and Graham 1989,
1994); and the two parameters /V and ¢, are related to the creep
compression of the soil. The 1D EVP model in eq. (3) is an exten-
sion of the Maxwell’s linear elastic viscoplastic (EVP) model in
which a linear elastic spring is connected to a linear viscous dash
pot (Yin 2015).

For a soil layer in 1-D straining, the total stress o, and original or
static pore-water pressure u in the soil layer are normally known.
Therefore, according to the effective stress principle and noting
the total pore-water pressure u = ug + U, we have o, = 0, — u =
o, — u, — u,. Substituting o}, = o, — u = 0, — U, — U, into eq. (3), we
have

(4) 882 — K 1 {9(0’2 B us B ue)
ot V(o, — u, — uy) at
l/f [ ep V] 0, — Uy — U At
+ —— exp —(8 B > e |
Vto z z0 " 0_20

By solving eq. (2) together with eq. (4), we can obtain the
excess pore-water pressure, u,, from which we can obtain the
effective stress, o; the vertical strain, ¢,; and the total settle-

H
ment, S, 5 = f g, dz.

0

Yin and Graham (1996) used a finite difference (FD) method to
solve egs. (2) and (4) from Hypothesis B and obtained curves of the
settlement, strains, and excess pore-water pressure with time. They
used this approach to calculate the settlement and excess pore-water
pressure of a clay in laboratory physical model tests done by Berre
and Iversen (1972). The calculated data were compared with the mea-
sured data by Berre and Iversen (1972) and were found to be in good
agreement. They also found that the method based on Hypothesis A
underestimated the total settlement.

Nash and Ryde (2000, 2001) used the method based on Hypoth-
esis B with the constitutive equation in eq. (3) to analyze the 1-D
consolidation settlement of an embankment on soft ground with
vertical drains. They used a FD method (Yin and Graham 1996) to
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solve the coupled consolidation equations. Their computed settle-
ment values were in good agreement with the observed values.

One limitation of the above rigorous Hypothesis B method is
that a numerical method is needed to solve a set of nonlinear
partial different equations and a computer program for this method
is needed. Such computer program is still not readily available to
engineers or difficult for them to use. How to develop a simple
method, which is a good approximation of the solutions from the
above rigorous method and, at the same time, is easy to use by
engineers, has been a very challenging task in past decades. The
main objective of this paper is to propose a new simplified
method based on Hypothesis B for easy spread-sheet calculation of
consolidation settlements of clayey soils with creep and the veri-
fication of this simplified method.

Main equation of a new simplified method based
on Hypothesis B for settlement calculation of a soil
layer with creep

The key point in the new simplified method based on Hypoth-
esis B (called a new simplified Hypothesis B method) is that creep
occurs in the whole consolidation period, both within and after
the primary consolidation, as shown in Fig. 1. The main equation
of the new simplified Hypothesis B method for the calculation of
the total consolidation settlement, S, can be expressed as

(5) StotalB = Spl'imary + Screep = UvSf + [O‘Screep.f + (1 - a)ssecondary]

forall t =2 1day (t = tygp geq fOT Ssecondaw)

where « is the parameter to reasonably consider the creep com-
pression coupled with consolidation; S, ¢ is the creep settle-
ment under the final effective vertical stress without excess pore-
water pressure coupling; S.conqary 1S the same as that in eq. (1); and
tgop.fielq 1S the time at U, = 98%.

In eq. (5), a parameter « is introduced and shall be in the range
from 0 to 1, thatis, 0 < a < 1. If a =1, eq. (5) becomes the old Yin’s
simplified Hypothesis B method (Yin 2011). If « = 0, eq. (5) becomes
Hypothesis A method in eq. (1). The most suitable value « will be
determined by comparing the calculated settlement using eq. (5)
with settlements from coupled consolidation analysis further in
this paper. Comparing eq. (5) to eq. (1), it is seen that the creep
settlement S, is included for the loading time t > 0, that is,
creep compression occurs from the beginning.

It is noted that S  eep = [Oscreep,r + (1= ¥)Ssecondaryl 1N €4 (5), and
that Yin (2011) proposed a simplified method by using Sg;eep =
Screep,¢ that is, the case a = 1in eq. (5). It is found that the total
consolidation settlement using Scieep = Screep,r 1S OVerestimated.
For example, as shown in Fig. 2, if the initial effective stress—strain
state is at point 1 and the final effective stress—strain state is at
point 4, S,cep ¢ is calculated to be the creep under the final effec-
tive stress o, This path from point 1 to point 3 to point 4 is
assumed to be an instant loading path without excess pore-water
pressure coupling. This path may be correct for the soil at the
drainage boundary. However, the effective stress—strain paths in-
side the clay away from the drainage boundary will be delayed as
shown in Fig. 2. This is why the use of S ,ee;, = Screep,r With @ =1in
eq. (5) will overestimate the creep settlement. It is also noted that
when @ =0, Seep = Ssecondary: Which is calculated for t 2 tyop gera-
This approach is based on Hypothesis A, which underestimates
the settlement as explained before because of ignoring creep in
the primary consolidation period. The new simplified Hypothe-
sis B method in eq. (5) with a suitable value of « takes a more
accurate approach to calculating the creep settlement during and
after primary consolidation. It is found later in this paper that if
a = 0.8, the settlements calculated using this new simplified hy-
pothesis B method are closer to the settlements from the fully
coupled consolidation modelling.
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Fig. 2. Relationship of void ratio (or strain) and log(effective stress) with different consolidation states. [Colour online.]
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The S¢ in eq. (5) is normally calculated using the “swelling”
index, C,; that is, unloading-reloading (or the OC compression)
slope and compression index, C., using the compression data
from oedometer tests. It shall be noted that the compression of a
clayey soil is time-dependent. The selection of the compression
data at different times will result in different compression curves.
For example, referring to Fig. 1 under a certain vertical stress, the
compression can be selected as the value at the EOP consolidation
in the laboratory (tzop 1ap) (fgop.1ap 1S Normally a few minutes) or
the time at 24 h (t,,). If we plot the compressions and correspond-
ing stresses for the two durations of tygp 1., and t,,, we have the
two curves as shown in Fig. 3. It is noted that the curve using data
at tyop 1ap 1S Normally above the curve using data at t,,. The two
slopes in the NC section given by the compression index C,. at
tgop.1ap and C. at t,, are about the same. In the OC range, the slope
is given by C,, which is considered to be the same for the two
durations (tgop 14, and t,,). Itis also noted that the curve in unload-
ing or reloading is normally a loop, but, is normally simplified as
a straight line with the same slope as C, as in the OC range. The
only difference of the two curves in Fig. 3 is the points of the
pre-consolidation stress and strain; that is, the point (o7, £, at
tgop 1an Shall be higher than (o7, ¢,,) at t,,.

An oedometer test is normally done on the same specimen in
oedometer in multi-stages. According to British standard 1377 (BSI
1990), the duration for each load shall normally last for 24 h. In
this paper, we consider the indexes C,, C., and (a;p, &,,) are all
determined from the standard oedometer test with duration of
24 h (1 day) for each load. The idealized relationship between the
vertical strain and the log(effective stress) is shown in Fig. 2 with
loading, unloading, and reloading states. Based on Fig. 2, the final
settlements S¢in eq. (5) for two cases are calculated as follows:

P

Point 1 to point 2:

(6a) Ce log 0—22 H
1+e, U;

Se=Ae,y ,H =

Unloading | reloading line C, [(1+¢,) (G5, 6.5)

Normal consolidation line C, [(1+e¢,) (at t,,)

The Ae, ,_, is the vertical strain increase due to stress increases
from o/, to o’,. Similar strain increase symbols are used in the
following equations.

Point 1 to point 4:
Ce ng Cc 024
= = pa: ) _#
S = Ae,, H [1 . log( 3 Tre log| — | |H

where ¢/, is the pre-consolidation stress.

The key part in eq. (5) is how to calculate the creep settlement
Screep, at the final effective stress state. Other researchers such as
Mesri and Godlewski (1977) and Mesri and Choi (1984) used the
ratio of C_./C. to obtain the secondary compression coefficient
first and used it to calculate the secondary consolidation settle-
ment. It is noted that the ratio of C,./C_ varies with OC ratio (OCR).
Therefore, it is difficult to use this ratio to obtain the C,. for
various stress—strain state. They only started calculating creep
strains after primary consolidation at EOP.

In this paper, the authors use only two parameters for creep
compression in the NC condition, for the calculation of the creep
settlement S,  under any loading condition, including OC, un-
loading, and reloading conditions. The theoretical base of this
method relies on the “equivalent time” concept (Bjerrum 1967;
Yin and Graham 1989, 1994).

Figure 4 illustrates curved “time lines” in the coordinates of
vertical effective stress and void ratio from 1-D straining oedom-
eter tests (Bjerrum 1967). These parallel “time limes” also repre-
sent lines of constant plastic strain rate. Others, for example Kelln
et al. (2008) have developed an EVP model that emphasizes strain
rates and otherwise is very compatible with the model by Yin and
Graham (1989) and Yin (2015). Yin and Graham (1989, 1994) and Yin
(2015) explained that these time lines can be interoperated as
equivalent time lines. The word of “equivalent” here means that
the creep strain rate at a certain stress-strain state, which is
reached under any loading path, is equal to the creep strain rate at

(6b)
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Fig. 3. Relationship of void ratio and log(effective stress) from compressions at tygp 1., and t,,. [Colour online.]
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Fig. 4. Relationship of void ratio and vertical effective stress in log-scale, time lines, loading paths, and creep rate. [Colour online.]
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the same point, which is reached from a normal 1-D creep test
loading path with the creep duration time t from a reference time
line. The time t here is considered to be the equivalent time t, with
t =t,. Referring to Fig. 4, we can run a normal 1-D creep test under
a constant vertical stress from point A to point B (path 1: A-B). It is
well known that the creep strain rate decreases with time in this
case. At point B, there is still creep strain rate, say, €,ppygy- I
another approach as shown in Fig. 4, we can increase the vertical
stress from point A to point C, and unload to point B and then run
creep test (path 2: point A-C-B). Under this loading path, we have
creep Strain rate &,pp,m,)- We have &pp,01) = €ppatnz)- 1HiS means
that the creep rate at point B is dependent on the stress—strain (or
void ratio) state, not on the loading path (Yin 2015).

For the creep compression in Fig. 1, the authors suggest using
the following function to fit:

t

o

+t

e

(7) € =€ — Caelog

o

where the parameter C_. is newly defined in eq. (7), called creep coeffi-
cient, and t, is another independent creep parameter with unit of time.
It is noted that eq. (7) has a definition when time t, = 0. The C,.. in eq. (7)
is similar to the secondary consolidation coefficient C_. as shown in
Fig. 1and in eq. (1). Why the authors use the same symbol C_ as that in
eg. (1) is not to introduce a new symbol to make the new method diffi-
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cult to be used by practicing engineers. In fact, the value of the newly
defined C_. is nearly equal to the value of the old C,.

If C. and C, are determined from the compression with time
24 h of duration, the authors propose t, =24 h =1day. If C.and C,
are determined from the compression at the end of primary con-
solidation in the laboratory with time tgop .1, then, the authors
propose t, = tgop 1ap- The choice of time t, and value of C_. here
does not make a significant difference to calculated creep strains.

The variable t, in eq. (7) is the equivalent time as explained
before. Equation (7) is valid when time t, = 0, which is needed to
consider creep occurring from the beginning of the loading. How-
ever, in the old definition of C,, in Fig. 1, eq. (1) is not valid when
the time is or near to zero.

According to the equivalent time concept (Yin and Graham
1989, 1994), the total strain ¢, at any stress—strain state in Fig. 4 can
be calculated by the following equation:

C o, Ch. t,+t
(8) sZ:szp+Vclog—,z+7elog°t :
(TZP (]

C a
where g, + Vc log—,Z is the strain on the NC line (NCL) under stress
g,
zp

Coc ot

V o
under the same stress o’,. The above equation is valid for any 1-D

loading path.

o, and log is the creep strain occurring from the NCL

Derivation of specific equations of the simplified
method based on Hypothesis B for different
stress-strain states

With egs. (5), (6), (7), and (8) and the equivalent time concept,
the authors derive the following specific equations for the calcu-
lation of the creep settlement S, r and the total consolidation
settlement S, for different 1-D stress—strain states.

Final stress-strain point in a NC state

Referring to Fig. 2, we assume the vertical stress is increased
from the initial point 1 to point 4, which is on the NCL. The total
consolidation settlement S, is calculated by

(9(,1) Stota].B = Spri.mary + Screep = Uvsf + [ascreep.f + (1 - a)ssecondaly]

for all t > 1day (t = tyop geyq fOT Ssecondary)

where

Cpe t, + t.
(9b) Screep,f = l-l-_eo IOg( to )H

where H is the thickness of the soil layer. In this case, the equiva-
lent time t. = t - t,, where t is duration time of the current total
vertical stress. Why t, =t - t, is explained as follows.

Assume there is no pore-water pressure coupling, this means
U, = 1. From egs. (9) and (6b), we have

’
.
log—"H
[0

z1

e
Screep = 1+ e,

(10(1) StotalB = Sprimary +

C

+
1+e,

creep

7

[op
log—f4H + S

.
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. CU(E tﬁ + te
It is noted that S, = « Tre log| .

o

C(Xe
1+e,

)H+(1—a)

log( b )H Noting t, = 1day (24 h), and t, = t — t, = t - 1 (day),
EOP,field

tgop.fiera = 1 (day) because the compression index in Fig. 2 is deter-
mined at 1 day. Therefore, at time t =1 (day), the creep settlement is

S = g 1og(1)H = o)l 1og(1)H -0
creep 1+ e, 1 1+e, 1

Ift =1 day, eq. (10a) becomes

’
0.
10g—f4H = Ae, H
o-zp

C

1+e,

(10b) S totalB

C a
L logﬂH +
1+ e, ol

Itis seen from eq. (10b) that when time t =1day, the stress-strain
state point is at point 4 on NCL. As explained before, the line NCL
has duration of 1 day (or 24 h) from a standard oedometer test.

It should be pointed out that in eq. (9), the settlement due to
dissipation of excess pore-water pressure represented by U, is
decoupled from the creep compression of the soil skeleton. This is
why the present method is called a simplified one, compared to
the fully coupled method in the section titled “Verification of the
new simplified Hypothesis B method by comparing calculated
values with test data and results from a fully coupled consolida-
tion analysis”.

Final stress-strain point in an OC state

In this section, equations are derived for calculation of the total
consolidation settlement S,;z; when the final loading stress—
strain point is in an OC state after an additional vertical stress is
applied. For example, point 2, point 5, and point 6 in Fig. 2 are all
in an OC state. Firstly, we derive an equation for calculating the
creep strain (or settlement) for a stress—strain point in an OC state.
We use point 6 as an example for this purpose.

According to the definition of equivalent time (Yin and Graham
1989, 1994), the creep strain rate at the present point 2, no matter
how this point is reached in a real situation, can be considered to
reach point 2 from point 2’ on the extension of the NCL by creep
with an equivalent time value t,,. According to eq. (8), the strain at
point 2 ¢,, can be calculated as

CC 0—22 Coze
(11‘1) £ = &y + V IOg—, + 7 10g
T

by + tey
t

o

From the above, we have

’

1ogﬁ:(£ — & )17&1 Iz
to ? * Coe Cee aép

t, + Loy
s

(J

P
— 102 e VICad)+log () eae _ 10(szz—szp)(wcae)<2> Cae
From which we obtain

’ o
0.

’\ ——
g,
(1b) = t(,1o<8zwzp)<V/cue>(_22> Coo — g,
zp

It is seen from eq. (11b) that the equivalent time t., at point 2 is
uniquely related to the stress—strain point (0%, &,,).
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If we assume reloading from point 1 to point 2, the correspond-
ing consolidation settlement can be calculated as

(12) StotalB = Sprimary + Screep = UvSf + [ascreep,f + (1 - C[)Ssecondary]

Cpe t, +t,
= Uvsf + 0[1_ IOg H + (1 - a)ssecondary

+ € by, + tey
forallt>1 day (t 2 tEOP,ﬁeld for ssecondary)

in which S¢ can be calculated using eq. (6a). t. in eq. (12) is the total
equivalent time value for creeping from point 2’ to point 2 and
further downward.

The final creep settlement in eq. (12) is

13) S C“l o T le )y
( ) creep,f 1+—e() 0g m

that can be written

Coe t, + t, C t, + tey
(14(1) Screep.f - [1 + e, 10g< T ) - 1+ e 10g< t ):|H

o o

= A'Szcreepl:[

C, t,+t C, t, + toy
(14D)  Aeyeep = 7 +ee0 log( o ) -3 +ee0 log( — )

(o]

ae

1+e,

. - P to + teZ . .
Referring to Fig. 2, it is seen that log is the strain

. . . Cae to+te to
from point 2’ to point 2; while 1Te 10g< .
point 2’ to point 2 and further downward. The increased strain for
further creep done from point 2 is Ae,..p,, Which is what we want
to use to calculate creep settlement under loading at point 2. It is
noted that the relationship between t, and the creep duration

time t under the stress o, is

is the strain from

(15) t,=t,+t—t,

Substituting eq. (15) into eq. (13), we have

s Coe ) t+t, H
(16) creep,f 1+—eo ogl t, + ty,

Therefore, the final total consolidation settlement is

ae

C o+ ty,
(17) StotalB = Sprimary + Screep = Uvsf + 011 + e, IOg to + tez H

+@1- a)Ssemndary} forallt = 1day (f 2 tyop feig fOT Ssecondary)

Why is t, calculated using eq. (14)? The explanation is similar to
that in eq. (10).

If we consider the unloading from point 4 to point 6 in Fig. 2,
using the same approach as for the loading from point 1 to point 2,
we can derive the following equations:

o

R —
a,
(18)  teg = tolo(%%chne)(_zﬁ) Coo g

o
zp

The total consolidation settlement for unloading from point 4
to point 6 is

339

Fig. 5. Three layers (free drainage in the top and impermeable in
the bottom) of Hong Kong marine clay (HKMC) for consolidation
analyses with thicknesses of (a, d) 2 m, (b, ) 4 m, and (c, f) 8 m: (a—c)
models used for Consol analysis and (d—f) models used for Plaxis
analysis. [Colour online.|

SR Ao ® oM

(a) (b)

Che T+t
(19) StotalB = Sprimary + Screep = Uvsf + al + e 10g t +t 6 H
o e
+ (1 - a)ssecondary] forallt =1 day (t z tEOP,ﬁeld for Ssecondary)

The following sections present the application and verification of the
above equations of the new simplified Hypothesis B method.
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Table 1. Values of parameters for upper marine clay of Hong Kong.

Can. Geotech. J. Vol. 54, 2017

(a) Values of basic property

V=1+e, Vetay (KN/m?3) OCR w; (%)

3.65 15 1,15,2 100

(b) Values of parameters used in Consol software

K[V AV v t, (day) k, (m/day) oy (kPa)

0.01086 0.174 0.0076 1 1.90x10— 1

(c) Values of parameters used in PLAXIS

K" A W t, (day) k, (m/day) OCR ¢’ (kPa) %' ()
0.02172 0.174 0.0076 1 1.90x10~* 1,15,2 0.1 30
(d) Values of parameters used in the new simplified Hypothesis B method

Ce (= x/In(10)) C. (= MIn(10)) Coc (= ¥/In(10)) v t, (day) k, (m/day)

0.0913 1.4624 0.0639 3.65 1 1.90x10

Note: U;O,,., value of effective vertical stress when vertical strain of treference time line is zero (&, = 0) (further details can be found in Zhu and Yin (2000)); k*,
modified swelling index (= 2C./[2.3(1 + €,)]); A*, modified compression index (= C./[2.3(1 + e,)]); n*, modified creep index (= C,.[[2.3(1 + €,)]); ¢’, effective cohesion; ¢',

effective friction angle.

Application and verification of the simplified
method for consolidation settlement calculation of
three Hong Kong marine clay (HKMC) layers with
different overconsolidation ratio (OCR) values

Hong Kong marine clays (HKMCs) in the seabed of Hong Kong
waters are problematic soils for construction of infrastructures
and houses on reclamations on HKMCs in Hong Kong. For the
existing two runways of Hong Kong International Airport (HKIA)
on Lantau Island, all marine clays in the seabed under the
runways were dredged, moved, and dumped at another seabed
location. HKIA is planning to construct a third runway. For envi-
ronment and political concerns, all marine deposits, including
HKMC, cannot be removed and must be kept or improved in situ.
In this case, the settlement, especially the post-construction set-
tlement will be a bigger concern to safe operation of the third
runway. In fact, the current construction of artificial islands on
the seabed of Hong Kong as part of Hong Kong-Zhuhai-Macau
Link project (29.6 km in length) will also face the problem of
possible large settlements in the future.

In this section, authors select three idealized layers of HKMC
(Fig. 5) to apply the new simplified method with constant values of
soil parameters to calculate the consolidation settlement up to
50 years for two layers with 1 and 4 m thickness and 100 years for
an 8 m layer. At the same time, two finite element (FE) programs
using EVP models are also used to analyze the same layers and
results are used to evaluate the accuracy of the simplified method.

Koutsoftas et al. (1987) reported findings from site investigation at
an offshore field test site in Hong Kong related to construction of the
existing two runways of HKIA. They found that, at this site, there
were an “upper marine clay” layer in the top of the seabed (thickness
from 2 to 8 m), underlain by an “upper alluvium” layer (thickness from
3 to 8 m), followed by a “lower marine clay” layer (thickness from 5 to
10 m), and a “lower alluvium” layer (thickness from 6 to 8 m) in the
seabed. Handfelt et al. (1987) reported the monitoring data of a test
fill at this site. Zhu et al. (2001) developed and used a FE program with
Yin and Graham’s 1D EVP model (Yin and Graham 1989, 1994) to
analyze the consolidation settlement and excess pore-water dissi-
pation of the soils underneath the test fill.

In this section, authors select the upper marine clay layer
(called HKMC herein) for consolidation analysis with values of soil
parameters from papers by Koutsoftas et al. (1987) and Zhu et al.
(2001). To better interpolate the creep settlement, different OCR
values (OCR =1, 1.5, 2) are adopted in the calculation and simula-

Table 2. Summary of main values used in the simplified Hypothesis B
method.

Thickness t m [

(m) (vear) OCR g, S¢(m) (kPa-?)  (m?/day)

2 50 1 0 0.625 0.0156 0.00124
1.5 0.0044 0.493 0.0123 0.00157
2 0.0075 0.399 0.0100 0.00194

4 50 1 0 0.918 0.0115 0.00169
15 0.0044  0.653 0.0082  0.00237
2 0.0075 0.465 0.0058 0.00333

8 100 1 0 1.271 0.0079 0.00244
1.5 0.0044 0.742* 0.0046 0.00418
2 0.0075 0.487* 0.0030 0.00636

*Final stress states of some divided sublayers are in the overconsolidation
state.

tion. Two FE programs are used for fully coupled consolidation
analysis of the HKMC layers: one is Consol software developed by
Zhu and Yin (1999, 2000), and the other one is Plaxis software (2D
2015 version). In the analysis, the 1D EVP model (Yin and Graham
1989, 1994) implemented in software Consol and a soft soil creep
model in Plaxis software (2D 2015 version) are adopted in the FE
simulations. The 1D EVP model was applied by Zhu and Yin (1999,
2000, 2001) for consolidation analysis. For a description of the soft
soil creep model irefer to Vermeer and Neher (1999) and Plaxis
user’s manual (2015 version). This soft soil model has been widely
used in consolidation simulations by Degago et al. (2011) and Nash
and Brown (2015).

The three layers of HKMC for calculation and simulation are
shown in Fig. 5. In Fig. 5, the top three FE models (Figs. 5a—-5c) are
used for Consol analysis and the bottom three FE models (Figs. 5d—
5f) for Plaxis analysis. The bottom of all layers is considered im-
permeable and the top of all layers is free to drain. The initial OCR
value in the FE simulation is input easily in a menu in Plaxis; while
this OCR value is calculated by giving the pre-consolidation pres-
sure with depth in Consol software (Zhu et al. 2001). Values of all
parameters used in FE consolidation simulation are listed in
Table 1. In all FE simulations, a vertical stress of 20 kPa is assumed
to be instantly applied on the top surface and kept constant for a
period of 18 250 days (50 years) for two layers of 2 and 4 m thick-
ness and 36 500 days (100 years) for the 8 m layer. The material
properties reflect HKMC, but the thicknesses and boundary con-
ditions do not.
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Table 3. Values of “equivalent time” t,, for all sublayers of 8 m layer with OCR = 2.

Depth at middle

No. ofeachsublayer (m) o}y, (kPa) o,; (kPa) o} (kPa) &, €551 [

1-8 0.25~3.75 1.3~19.46 2.6~38.93 21.3~39.5 0.0075 — 0

9 4.25 22.06 4412 42.06 0.0075 0.00701 1.79
10 4.75 24.65 49.31 44.65 0.0075 0.00645 7.39
1 5.25 27.25 54.50 47.25 0.0075 0.00598 20.40
12 5.75 29.84 59.69 49.84 0.0075 0.00557 46.87
13 6.25 32.44 64.88 52.44 0.0075 0.00522 95.43
14 6.75 35.03 70.07 55.03 0.0075 0.00491 177.39
15 7.25 37.63 75.26 57.62 0.0075 0.00463 306.61
16 7.75 40.22 80.45 60.22 0.0075 0.00438 499.17

Approach used in the simplified method for consolidation
settlement calculation of a 2 m thick layer

For the simplified method calculation, referring to Fig. 2, the
initial and final stress-strain states in this 2 m thick layer must be
correctly determined. Assuming the initial strain is zero under
the initial stress state, while the initial effective stress state and
pre-consolidation stress are different at different depths and dif-
ferent OCR values. If the thickness of a soil layer is less than 1m,
we can assume the initial effective stress and pre-consolidation
stress to be constant with negligible error. However for a thick
layer, it is necessary to consider such variations. The total layer
thickness in this case is 2 m. We divide this layer into four soil
sublayers with 0.5 m thickness for calculation of consolidation
settlement to obtain sufficiently accurate results.

Firstly, the initial effective stress state is determined from the
saturated unit weight of the HKMC at the mid-depth of each sub-
layer, considering the water unit weight as 9.81 kN/m3. Based on
the initial effective stress state, the pre-consolidation stress and
final effective stress state at the center of each part can be calcu-
lated from eq. (20)

’
T20i = (yclay - yw)zi
(20) U;ﬁi = o;m + AO’;
U;f,i = OCRU;o,i

where v,,, is unit weight of clay, z; is the mid-depth location of
each sublayer i, Ao/, is the stress increment, taken as 20 kPa in this
calculation, o7, o%;, and o},,; are the initial effective stress states,
final effective stress states, and pre-consolidation stresses for dif-
ferent depths soil sublayers, respectively. Referring to Fig. 2, the
initial effective stress state is schematically at point 1 for OCR =1.5
or 2; while the initial effective stress state is at point 3 for OCR =1
(a NC case).

Secondly, in this case, after the stress increase of 20 kPa, final
effective is always larger than pre-consolidation stress for each
sublayer, which indicates that the final stress-strain state is in a
NC state, that is, at point 4 (o7, £,,) as shown in Fig. 2. As a result,
eq. (6b) is adopted to determine the primary consolidation final
settlement S¢; for each sublayer i of 0.5 m thickness for OCR =
1.5 or 2, and eq. (6b) is used in the case of OCR = 1. By summing
“primary consolidation” final settlements of all sublayers, the
average values of “coefficient of volume compressibility”, m,,
and the “coefficient of consolidation”, c,, can be obtained from
eq. (21)

n
S¢ = Esm
i=1

1 S¢
2y m, ==

H Aa';

k

v

myYw

C, =

where H is the thickness of the whole soil layer. Average values
of S, m,, and c, for different OCR values of the whole soil layer
are listed in Table 2. It is noted that coefficient of volume
compressibility, m,,;, and the coefficient of consolidation, c;,
are different for different sublayers. Thirdly, the time factor,
T,, and the average degree of consolidation, U,, can be calcu-
lated by substituting the value of ¢, into following equations:

4T,
U =\ forlU,<06
U =1 — 10 (Tv+0.085)0.933]

v

(22)
for U, > 0.6

where T, = cvt/d2 and d is the length of the longest drainage path.
When top of the soil layer is drainage and the bottom is imper-
meable, d = H, while both top and bottom of the soil layer are
drainage, d = H/2. In this case, d = 2 m is adopted for the boundary
condition mentioned above. Lastly, the creep compression is cal-
culated by adopting eqs. (9a) and (9b) as the final effective stress—
strain state is in a NC state for all three OCR values.

To compare all methods for the creep settlement calculations,
hypothesis A method is also used to calculate the curve of settle-
ment and log(time) in both primary consolidation and the second-
ary consolidation period using eq. (1).

Approach used in the simplified method for consolidation
settlement calculation of a 4 m thick layer

All the procedures and steps used in the 2 m thick layer case are
adopted for consolidation settlement calculation of a 4 m thick
layer case here. The final effective stress-strain state in all sublay-
ers of the 4 m thick later is in a NC state for all three OCR values.
Values of the final settlement of “primary consolidation” S, the
average values of “coefficient of volume compressibility”, m,, and
“coefficient of consolidation”, c,, of the whole layer are obtained
and listed in Table 2.

Approach used in the simplified method for consolidation
settlement calculation of an 8 m thick layer

Following the same procedures used in the 2 m layer case, the
initial effective stress state, final effective stress state, and pre-
consolidation stress for each sublayer (0.5 m) of an 8 m thick layer
are determined. It is found that all the final effective stress states
are in the NC state for OCR = 1, which means all calculations are
similar to 4 m thick layer. However, it is found that some sublay-
ers of the soil are still in an OC state for OCR = 1.5 or 2 after the
stress increment of 20 kPa. As a result, the total consolidation
settlement for the final stress—strain state in the OC state should
be considered in this section.

Take OCR = 2 as an example, the final stress-strain state after
the 20 kPa is in the NC state for each part of the top 4 m while OC
state for the bottom 4 m, corresponding to point 2 (d7,, &,,) in
Fig. 2. The primary consolidation final settlement Sg; of each part
is calculated from eq. (6b) for each sublayer of the soil in a NC
state; eq. (6a) for each sublayer of the soil in an OC state. Values of
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Fig. 6. Comparison of settlement-log(time) curves from the old simplified Hypothesis B method, Hypothesis A method, two finite element
(FE) models, and the new simplified Hypothesis B method for 2 m thick layer: (a) OCR =1, (b) OCR = 1.5, and (c) OCR = 2. [Colour online.|
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Sg my, and ¢, of the whole layer can be calculated from eq. (21) and
listed in Table 2. Then, values of T, and U, are calculated using
eq. (22). To obtain the creep compression with eq. (13) for the final
effective stress state in an OC state, the equivalent time ¢, should
be correctly calculated for each sublayer using eq. (11b). All values
of equivalent time t,, use eq. (11b) and are listed in Table 3.

Comparison and discussion of results from the old and new
simplified Hypothesis B methods, Hypothesis A method,
and FE simulations

Settlements calculated using the old simplified Hypothesis B
method, Si,ipoa (Yin 2011); Hypothesis A method, Sy..14; two FE

simulations (Consol and Plaxis); and the new simplified Hypothesis B
method, S, apnews fOT all three soil layers (2, 4, and 8 m) mentioned
above are examined in this section. It is noted that for each soil layer,
we consider three OCRs of 1, 1.5, and 2. Figure 6 shows comparison
of settlement-log(time) curves from the old simplified hypothe-
sis B method (« = 1), Hypothesis A method (« = 0), two FE models
(Consol simulation and Plaxis simulation), and the new simplified
Hypothesis B method (« = 0.8) for OCR =1, 1.5, and 2. It is found
that the Plaxis simulation results with the soft soil creep model
are in good consistence and agreement with results from Consol
analysis using the 1D EVP model (Yin and Graham 1989, 1994). The
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Fig. 7. Comparison of settlement-log(time) curves from the old simplified Hypothesis B method, Hypothesis A method, two FE models, and

the new simplified Hypothesis B method for 4 m thick layer: (a) OCR =1,

(b) OCR = 1.5, and (c) OCR = 2. [Colour online.]
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FE models are for fully coupled consolidation analysis of soils with
creep and shall be credible as the rigorous Hypothesis B method.

Comparing with the FE results in Fig. 6, Hypothesis A method (« = 0)
underestimates the total settlement; while the old simplified Hypothe-
sis B method (« = 1) (Yin 2011) overestimates the total settlement. In
overall, the settlement curves calculated using the new simplified Hy-
pothesis B method (« = 0.8) is much closer to curves computed using
Plaxis (2015 version) and Consol (Zhu and Yin 1999, 2000) when com-
pared to other two methods.

Based on the comparison of curves in Fig. 6 for three OCR values, it
is observed that the curves from the old simplified method (« =1) are
always below the curves from Plaxis and Consol simulations. The

reason for the overestimation of the settlement is that the creep part
in eq. (9b) in the old simplified Hypothesis B method is directly cal-
culated based on the final effective stress—strain state, ignoring the
time needed to arrive at this final effective stress state during con-
solidation (see Fig. 2). The old simplified Hypothesis B method may
be valid for a very thin soil layer, say less than 0.1 m; while thicker
soil layers need more time to arrive at the final effective stress—
strain state, especially when hydraulic conductivity is low. The
soil layer thickness in Fig. 6 is 2 m with bottom impermeable
and the time t;op at 98% of consolidation is 4840 days for OCR
equal to 1. This is why the old simplified Hypothesis B method
overpredicts the creep compression. To overcome this limita-
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Fig. 8. Comparison of settlement-log(time) curves from the old simplified Hypothesis B method, Hypothesis A method, two FE models, and

the new simplified Hypothesis B method for 8 m thick layer: (a) OCR

=1, (b) OCR = 1.5, and (c) OCR = 2. [Colour online.]
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tion, the authors have tried different values of « in eq. (5) or (9).
It is found that the value of 0.8 for « results in calculated curves
that are in the best overall agreement with curves from Plaxis
and Consol, not only for the layer thickness of 2 m, but also for
4 and 8 m cases (see Figs. 6, 7, and 8).

The authors have calculated relative errors of the old simplified
Hypothesis B method, the new simplified Hypothesis B method,
and Hypothesis A method for the final settlements at 50 years for
2 and 4 m layers by comparing with the settlements from Plaxis
simulation. For example, the relative error for the new simplified
hypothesis B method is defined as

StotalB,fnew B SFE.Plaxis

Relative error = (%)

N FE,Plaxis

where S, i.ip_new 1S the total settlement calculated using the new
simplified hypothesis B at 50 years for 2 and 4 m thick layers (or
100 years for 8 m thick layer) of HKMC; Sgg prays 1S the settlement
from Plaxis at the same time for the same layer.

All values of the relative errors are listed in Table 4. It is found
that the relative errors of Hypothesis A method are in the range
6.52%~17.86% with underestimation of the settlements. The rela-
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Table 4. Settlements and relative error values for Hypothesis A method, the old and new simplified Hypothesis B

methods for three Hong Kong marine clay (HKMC) layers.

CaSe: layer SFE PlaXiS F E StotalA StotalB—old StotalB—new StotalA StotalB—old StotalB—new
thickness; duration = OCR  result (m) (m) (m) (m) error (%)  error (%)  error (%)
2 m; 50 years 1 0.690 0.645 0.774 0.748 6.52 12.16 8.42

15 0.593 0.516 0.642 0.616 12.91 8.22 4.00

2 0.518 0.426  0.548 0.523 17.86 5.71 0.99
4 m; 50 years 1 1.098 0.919 1.209 1151 16.34 10.13 4.83

1.5 0.882 0.670  0.951 0.894 24.01 7.78 1.42

2 0.721 0.493  0.763 0.709 31.60 5.83 1.65
8 m; 100 years 1 1.742 1.238 1.877 1.748 28.95 7.70 0.37

15 1.286 0.768 1.379 1.257 40.24 7.24 2.26

2 0.955 0.514 1.005 0.907 46.17 5.26 5.02

tive errors of the old simplified Hypothesis B method are in the
range 5.71%~12.16% with overestimation of the settlements. The
relative errors of the new simplified Hypothesis B method are
generally in the range 0.99%~8.42% with settlements closer to
those from the two FE simulations.

Figure 7 presents the comparisons of curves calculated using
the old simplified Hypothesis B method, Hypothesis A method,
two FE models, and the new simplified Hypothesis B method for a
soil layer with 4 m thick. Again, Hypothesis A method underesti-
mates the total settlement during the whole stage. The curves
from the new simplified Hypothesis B method are much closer to
the curves from two FE simulations. Values of the relative errors
are also listed in Table 4.

Figure 8 shows the comparisons of calculated curves using the old
simplified Hypothesis B method, Hypothesis A method, two FE mod-
els, and the new simplified Hypothesis B method for an 8 m thick soil
layer. Again, the curves from the new simplified Hypothesis B
method are much closer to the curves from two FE simulations
compared with other two methods. Values of the relative error are
also listed in Table 4.

This paper has been built on the idea of equivalent times pro-
posed originally in Yin and Graham (1989, 1994). It assumes that
viscous behaviour is a fundamental property of clays. More re-
cently, Kelln et al. (2008) have expressed very similar ideas in
terms of strain rates.

Verification of the new simplified Hypothesis B
method by comparing calculated values with test
data and results from a fully coupled consolidation
analysis

Berre and Iversen (1972) presented a laboratory physical model-
ing study on the consolidation behaviour of a natural post-glacial
marine clay from Drammen exhibiting creep. Yin and Graham
(1996) applied the 1D EVP model in eq. (3) in the fully coupled
consolidation analysis in eq. (2) of all consolidation tests by Berre
and Iversen (1972). The consolidation problem was solved using a
FD method. The calculated results were compared with the mea-
sured data and were found in good agreement (Yin and Graham
1996). In this section, we use the old simplified Hypothesis B
method and the new simplified hypothesis B method to calculate
the curves of average strain (AS/H,) versus log(time) with a com-
parison with the test data and curves from the fully coupled con-
solidation analysis computed by Yin and Graham (1996) using a FD
method (denoted as FD EVP model), and where AS is the settle-
ment increment under increment 5 and H, is the initial thickness
of the soil layers in test 6 and test H4 in the original paper. Basic
parameters used in the simplified methods are listed in Table 5.
Values of initial stress, initial strain, and time duration for two
tests at increment 5 are listed in Table 6.

As the tests consisted of multi-staged loading with various time
durations, the stress—strain state should be correctly determined
before the simplified method is used. In addition, it is important

Table 5. Values of parameters used in the simplified Hypothesis B
method based on data from Berre and Iversen (1972).

Ce Cc Cue t0 0-;0 kv
(= x/In(10)) (= AIn(10)) (=¢In(10)) V  (min) (kPa) (m/min)
0.0236 0.9313 0.0413 2.56 40 79.2  3.0x10-°

to determine the pre-consolidation pressure O';P. As both point
(0%0> £,0) and point 3 (o}, &,;) are on the reference time line, as
shown in Fig. 2, we shall have

C a,
(23)  ep=ent 1og(%)

T2

Referring to Fig. 2, if we assume the known initial effective stress—
strain state is point 1 (07, £,;) on the OC line, there should be a relation-
ship with the pre-consolidation pressure, point 3 (cr;P, &,p), as follows:

Ce U;p
(24) szp =~ €a + V IOg -

O

Combining eqs. (23) and (24)

C, C \4
log(T;P = {(szl — g, t+ (VC logoé0 - ve logoél)}ﬁ
C

e

(25) ol = 10 ea—e:0)+[(CeV) Togolo—(CeV) logaa THVICe—Col

With eq. (25), the pre-consolidation pressure, o’

-p» €an be calcu-
lated; values of U;p are listed in Table 6. After the increment stress,
the final effective stresses in two tests are corresponding to point 4.
The calculation steps are similar to those in the previous sections.
Values of the corresponding incremental final strain for primary
consolidation, the average values of m,, and c,, of the whole layer are
also determined and listed in Table 6. Figure 9 shows a compar-
ison of curves from tests, an FD EVP model, the old simplified
Hypothesis B method, Hypothesis A method, the new simplified
Hypothesis B method for test 6 and test H4 at increment 5.

Similar to those comparisons with curves from two FE simula-
tions in Figs. 6, 7, and 8, it is found that the Hypothesis A method
largely underestimates the average strain (AS/H,), for test 6 and
test H4. And curves from the old simplified Hypothesis B method
agree well with the measured data for test 6; while quite below the
test data for H4. It is noted that the soil specimen of test H4 had
thickness of 0.45 m; while the specimen thickness of test 6 was
only 0.0757 m.

When the correction factor a of 0.8 is applied, as shown in
Fig. 9, the curves from the new simplified Hypothesis B method
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Table 6. Summary of main values calculated and used in the simplified Hypothesis B method at

increment 5 from Berre and Iversen (1972).

Test €4 a, (r;P ol Ags m, c,

No. t (min) (%) (kPa) (kPa) (kPa) (%) (KPa™) (x10-¢ m?/min)
6 5694 5.51 90.3 112.88 140.5 3.55 0.0744 411

H4 61450 5.25 89.2 111.05 134.7 3.14 0.0690 4.43

Fig. 9. Comparison settlement/thickness (AS/H,) — log(time) curves from two tests, an FD EVP model, the old simplified Hypothesis B method,
Hypothesis A method, and the new simplified Hypothesis B method for (a) test 6 and (b) test H4 at increment 5. [Colour online.|

0 Sy
(a)
2
S 4 el
= H=0.0757m, OCR=1
2 6
< & Test6
= + =FD EVP model-T6
8 Old simplified B method-T6
————— Hypothesis A method-T6
10 —o— New simplified B method-T6
0.01 0.1 1 10 100 1000 10000 100000
Time (min)
S
= H=0.45m, OCR=1 N
z2 6
< A H4 A
— - = FD EVP model-H4
8 Old simplified B method-H4
----- Hypothesis A method-H4
10 —a— New simplified B method-H4
0.01 0.1 1 10 100 1000 10000 100000
Time (min)

Table 7. Relative error values for Hypothesis A method, the old simplified hypothesis B method, and
the new simplified Hypothesis B method for three tests at increment 5 from Berre and Iversen (1972).

Test data StotalA Stot;\lB—old StotalB—new StotalA Stot;\lB—old StotalB—new
Test No. (AS[H) (%) (AS/H) (%) (AS/H) (%) (AS[H) (%) error (%) error (%) error (%)
6 6.905 4.64 7.415 6.86 32.79 7.38 0.65
H4 6.497 3.055 8.21 7.18 52.98 26.42 10.52

are much closer to the test data. Values of the relative errors are
listed in Table 7. The relative error here is defined as the absolute
difference between the calculated value and the measured data at
the end of the test over the measured data. Again, the relative
errors of the new simplified Hypothesis B method are the lowest
among all three simple methods.

With the verification of the new simplified Hypothesis B
method by using test data from Berre and Iversen (1972), it is
confirmed that the new simplified Hypothesis B method is more
accurate than Hypothesis A method and the old simplified
Hypothesis B method, and can be applied in reality to predict the

1-D consolidation settlement of a single layer of soil with creep
with good accuracy.

Conclusions

Based on the equivalent time concept, a new simplified Hypothesis B
method has been proposed to calculate the consolidation settle-
ment of a single layer of a clayey soil with creep for different
stress—strain states. To verify the accuracy of the new simplified
Hypothesis B method, the values from two fully coupled FE con-
solidation analysis programs and previous laboratory measured
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data have been compared with curves obtained using the old sim-
plified Hypothesis B method, the new simplified Hypothesis B
method, and Hypothesis A method. Based on the results and dis-
cussion in the previous sections, main conclusions are drawn as
follows:

1. The proposed new simplified Hypothesis B method is a suit-
able simple method by spread-sheet calculation of the 1-D con-
solidation settlement of a single layer of a clayey soil with
creep.

2. For cases of three layers of HKMC with OCR of 1, 1.5, and 2, it is
found that hypothesis A method generally underestimates the
consolidation settlement compared to the FE simulations. The
relative errors for the three HKMC layers are in the range of
6.52%~46.17%, which is too large to be acceptable for any de-
sign.

3. The old simplified Hypothesis B method (Yin 2011) overesti-
mates the final consolidation settlement with errors in the
range of 5.26%~12.16% for all the cases of the three HKMC
layers. The reason of the overestimation is that the creep part
is calculated based on the final effective stress-strain state,
ignoring the consolidation time (or the excess pore-water pres-
sure coupling) to arrive at this final stress state. To overcome
this limitation, a correction factor « = 0.8 is used in the creep
parts of the new simplified Hypothesis B method in eq. (5). By
comparison, it is found that results from the new simplified
Hypothesis B method are much closer to curves from the FE
simulations and data from tests. The relative errors of the new
simplified Hypothesis B method are in the range of 0.37% to
8.42%, the smallest among all three simplified methods.

4. Itis found that the curves from the new simplified Hypothesis B
method are in good consistency and agreement with test data
from Berre and Iversen (1972). This comparison verifies the ac-
curacy and applicability of the new simplified Hypothesis B
method.

Based on the comparison, discussion, and findings above, the
authors recommend that the new simplified Hypothesis B method
with « = 0.8 can be used for calculation of consolidation settle-
ment of a single layer of a soil with creep for designs. The authors
also recognise that more comparisons with fully coupled consol-
idation simulations and physical model tests are necessary to fur-
ther examine the validation of this new simplified Hypothesis B
method.
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SUMMARY

This paper presents a new simplified method, based on Hypothesis B, for calculating the consolidation set-
tlements 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 aver-
age 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 thick-
nesses 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 compar-
ing 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 Case I(4m) and Case III(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 Case 1I(4m) and Case IV(8m), it is found that
curves of the new simplified Hypothesis B method using Zhu and Yin method agree 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 sim-
plified 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 consolida-
tion. Copyright © 2016 John Wiley & Sons, Ltd.
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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 because of 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].
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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, (i7) the change of time. Meanwhile, Bjerrum [10], Stolle ef al. [11], Vermeer and
Neher [12], Nash and Ryde [13], Yin ef 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. Navarro and Alonso [19] regarded the ‘secondary compression’ of clays as
the rate of local water transfer process. Recently, researchers [20-22] have undertaken some
efforts to the double porosity model for two scales of porosity in the soil fabric structure.
Cosenza and KoroSak [23] presented a heuristic approach that adopts two additional parameters
of fractional order and fractional viscosity factor, to consider the ‘secondary consolidation’ of
clayey soil as a result of pore water pressure diffusion from micro- to macro-pores. Borja and
Choo [24] developed a framework of soil constitutive model to consider the pore water pressure
dissipation in the macro- and micro-scale, and used this model to simulate the ‘secondary
compression’ in one-dimensional (1D) consolidation, which agrees well with the experimental
data. The double porosity theory provides the basis for understanding the soil consolidation
behavior. The different porosity scales for ‘primary consolidation’ and ‘secondary consolidation’
reasonably explain that creep also occurs during 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, 25, 26], 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, because of the
geological history, a soil profile has layers more than one layer [27, 28]. The consolidation
problem of multiple soil layers was extensively studied before. Schiffman and Stein [29]
obtained a mathematical solution for a layered consolidation problem. US Department of the
Navy [30] 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 [28, 31] 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 [30]. Meanwhile, Xie et al [32] introduced an
analytical solution for the two-layered soil with partially drained boundaries. Xie et al [33]
considered the nonlinear properties of double layered soils. Related problems such as double
layered soils with vertical drains [34, 35], soft clayey soils reinforced by floating stone columns
[36, 37], and double layered system for unsaturated soil [38] have been widely studied without
considering creep.

This paper aims to generalize a new simplified Hypothesis B method [3] 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 (4 m and 8 m)
and three different stress—strain states (OCR =1, 1.5 and 2) are presented to illustrate the accuracy of
this simplified Hypothesis B method when using Zhu and Yin method [28, 31] and US Navy
method [30] 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 FE 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 cases.
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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 [25, 26, 39], 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:

StotalB =S “primary” + Screep

= UVS/ + [aScreep,f + (1 - a)S”Secondary”] for >1 day (tztEOPﬁeld,for S”secondm'y") (1)
where ', iman, = U,Sy denotes the settlement of ‘primary’ consolidation at any time ¢. U, is the
average degree of consolidation for the soil layer, and Sy represents the final settlement at the
end of ‘primary’ consolidation. It is noted that Sy=¢d{ where ¢ is the considering vertical strain
and H is the thickness of a single soil layer. In Eq. (1), Sic, is the creep settlement during and
after ‘primary’ consolidation. The subscript ‘creep’ indicates that the settlement is related to
creep. In Eq. (1), a is a constant parameter to reasonably consider the creep settlement during
and after the consolidation, and its value should be in the range from O to 1. Referring to
Figure 1, the effective stress—strain state is valid for the soil nearby the drainage boundary, while
the effective stress path inside the clay away from the drainage boundary will be delayed
because of the consolidation. For the soil nearby the drainage boundary, S...,, in Eq. (1) is
calculated at the final effective stress ignoring the coupling of the excess pore water pressure as
the creep settlement and S;,eep = Ecreep A1 Where &cpeqpr is the corresponding final creep strain. In
Eq. (1), S secondary is the ‘secondary consolidation’ settlement based on Hypothesis A for the

Cee

. . _ - .
soil far away from the drainage boundary, S'sccondan” = & secondaryH = 7 v log [EopﬁddH , where

& secondary” 18 the corresponding ‘secondary’ strain, C,. is the ‘secondary consolidation’
coefficient, ey is the initial void ratio, and fzopfiers is the time at the End-Of-Primary (EOP)
consolidation in the field and can be calculated using the time at U,=98 %. It is noted that

Assumed instant loading path from
Point 1 to Point 2 to Point 4 : this is ok at draiange boundary

\EZ

L

//(O-vzoagzo) lOgO-z

>
>

Delayed loading paths -

due to excess porewater pressure N
P P Time lines

this is the case for points away

from drainage boundary 6

v Normal consolidation line C, /(1+¢,) (at t,,)

Figure 1. Relationship of vertical strain versus log (vertical effective stress) with different time lines and
stress—strain states. [Colour figure can be viewed at wileyonlinelibrary.com]
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when a=0, Eq. (1) is reduced to the equation of Hypothesis A method: Sym=U,Sr
+ 8 secondary " JOr t=tpop fiela T Svsecondary- We use Syua to denote the settlement calculated
using Hypothesis A method here, rather than still using S,z

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;],811) , and pre-

consolidation stress—strain state, Point 3 (a;p,gzp) , are already known. The slope of unloading—

reloading line is C./(1+e¢p), and the slope of normal consolidation line is C./(1+ey), which are
obtained from oedometer tests with duration of 24 h (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 [3]:

C o.
& =én = 1 +ee log <0_—22) +éz
o

z1

e o C(xe lo )
creep f 1""60‘ g to + tn

(@)
Ce

1+ ¢ LN\ -
(azgfszp)g o ) CO!@
tor = tox 10 Coe | %= —ty for t>1 day.

O-Zp

The ¢, is a material parameter and shall be taken as 1 (day) because C./(1 +¢y) and C./(1 +¢() are
obtained from oedometer tests with duration of 24h (1day). Eq. (2) is valid for time ¢ equal to or
larger than 1 day because 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 expressed as:

® Reference point for settlement
“Upper Marine Clay”
k, =1.9x10"m/ day
-
g | k,=1.9x10"m/day
<
\ '- ] i
“Upper Marine Clay” A
ok, = 1.9x10*m/ day = “Upper Alluvium” - o
k, =1.9x107 m/ day k, =5.18x10"m/day |
- = [
s ol .
F 1 k,=5.18x10"m/day |~ |
= “Upper Alluvium” e | ¥ \‘
| | Lk =518x10"m/day t
IS T s i | -
e | & =518x10"m/day [ -+ | = e
y ¥ 1 v
(a) (b) (c) (d

Figure 2. Profiles of double soil layers for Plaxis simulation with free drainage in the top and impermeable in
the bottom: (a) Case I (4m), (b) Case II (4m), (c) Case IIl (8m), (d) Case IV (8m). [Colour figure can be
viewed at wileyonlinelibrary.com]
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C 0. C '
& = &4 = og( -2 ) + e | +—log[ 2
I+e ~\ou I+e “\oy 3)

C t
log (t) for 1 day.
0

Ecreepf = Teo

We prefer to call C,. a creep coefficient, rather than the ‘secondary’ consolidation coefficient
because 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 #, proposed by Yin and Graham [25, 26], 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 [31]. To consider double-layered soil condition, a new simplified Hypothesis B method is
proposed:

n n n n
StotalB = ZS”primm'y”i + zScreepi = Uazs/’i + Z [aScreepfi + (1 - a)S”secondary”i]
i=1 i=1 i=1 i=1

n n
=U, ZSfiHi + Z{ [agcreep,fi + (1 - a)g”secondmy”i] Hi} fOI" fZlday (tZtEOP,ﬁeld fOI" S"secondaw”i)
i=1 i

“4)

n n

where Y. S"primani is the ‘primary’ consolidation settlement of n soil layers, U, and ), Sy; are the
i=1 =1

average degree of consolidation and the total ‘primary’ consolidation settlement of # soil layers,

n n n
Y Sereepi 1s the total creep settlement of 7 soil layers, and )’ Screepsi and Y, S”secondary”i are the total

i—1 i=1 i=1

Table II. Summary of calculated values of parameters used in the new simplified Hypothesis B method for
double soil layers

‘Upper Marine Clay’ ‘Upper Alluvium’ Snt+Sp
Case OCR (m) 14 q

my Cyl My G2
sp (m) (kPa~ 1) (mz/day) Sp (m) (kPail) (mzlday)

(a) Calculated values of parameters for 4-m-thick double soil layers

Case I (4m) 1 0.635 0.01588 0.00122 0.096 0.00239 0.02208 0.731 —-022  0.62
1.5 0500 0.01258 0.00154 0.052 0.00130 0.04080 0.552 —-031  0.67
2 0.409 0.01023 0.00189 0.025 0.00064 0.08308 0.434 —-042 074
Case I (4m) 1 0.635 0.01588 0.0122  0.096 0.00239 0.00221 0.731 —0.88 —0.40
1.5 0500 0.01258 0.0154  0.052 0.00130 0.00408 0.552 —-090 -0.32
2 0.409 0.01023 0.0189  0.025 0.00064 0.00831 0.434 -092 -0.20

(b) Calculated values of parameters for 8-m-thick double soil layers

Case OCR ‘Upper Marine Clay’ ‘Upper Alluvium’ sp +58p(m) p q
Sfl (m) my Cyl Sﬁ (m) mo Cy2
(kPa™ "y  (m*lday) (kPa™ "y  (m*lday)
Case Il 8 m) 1 0.935 0.01169 0.00166 0.114 0.00142 0.03709 1.049 —-0.27  0.65
1.5 0.671 0.00839 0.00231 0.032 0.00032 0.16748 0.703 —0.51 0.79
2 0.483 0.00604 0.00321 0.019 0.00024 0.22200 0.502 —0.51 0.79
Case IV (8m) 1 0.935 0.01169 0.0166 ~ 0.114 0.00143 0.00371 1.049 —-0.89 —0.36
1.5 0.671 0.00839 0.0231 0.032  0.00040 0.01307 0.703 —-093 —-0.14
2 0.483  0.00604 0.0321 0.019 0.00024 0.02220 0.502 —-0.94 —-0.09
Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2017; 41:899-917
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Table III. Values of ‘equivalent time’ 7., of all sub-layers of ‘upper alluvium’ with OCR =2 for 8§-m-thick
double soil layers

No.(j) Depth at the middle of each sub-layer (m) o, ; (kPa) a;p’/ (kPa) 0';/- ; (kPa) &, &y to

zlyj

1-8  Vary 0.25-3.75 1.25-18.75 2.5-37.5 21.25-38.75 0.0075 — 0

9 4.25 22.375 44.75 42375  0.0075 0.00694  1.34
10 4.75 27.125 54.25 47.125  0.0075 0.00600  8.00
11 5.25 31.875 63.75 51.875  0.0075 0.00529 23.93
12 5.75 36.625 73.25 56.625  0.0075 0.00473 54.50
13 6.25 41.375 82.75 61.375  0.0075 0.00428 104.88
14 6.75 46.125 92.25 66.125  0.0075 0.00391 179.35
15 7.25 50.875 101.75 70.875  0.0075 0.00360 280.97
16 7.75 55.625 111.25 75.625  0.0075 0.00334 411.56

final creep settlement and the total ‘secondary’ consolidation settlement of # 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 a is related to OCR and can be taken as a=0.4+0.20CR. For OCR =1,
1.5, and 2, we have a=0.6, 0.7, 0.8. The verification of these a values can be seen in Figures 3-8
later with a comparison with FE simulation results. Egs. (2) and (3) are also used to determine the
final creep compression &g, and then creep settlement S, s of a soil in each layer under
different stress—strain states. Another important issue is how to correctly determine the average
degree of consolidation, m, 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 [28, 31], Xie et al. [27, 32] without considering creep. In this analysis, the solution derived by

Time (day)
0.1 1 10 100 1000 10000 100000
0.0 +ovw : : :
8oy (2)
0.2
B
= 04 -
=
Q
g
2
< 0.6
N Case I (4m): OCR=1
®  Plaxis with SSC model R
08 1 New simplified Hypothesis B method (Zhu and Yin method for Ua)
----- New simplified Hypothesis B method (US Navy method for Uy) ]
--------- Hypothesis A method (US Navy method for U, )
1.0
Time (day)
0.1 1 10 100 1000 10000 100000
T r— ‘ : :
R ®
o2 We T
0.4

Case II (4m): OCR=1

Settlement (m)
=1
(=)}

®  Plaxis with SSC model

1.0 4 New simplified Hypothesis B method (Zhu and Yin method for Ua)
----- New simplified Hypothesis B method (US Navy method for Uy )
~~~~~~~~~ Hypothesis A method (US Navy method for U,)

Figure 3. Comparison of FE simulation and the new simplified Hypothesis B method for 4-m-thick double
soil layers with OCR = 1: (a) settlement—log(time) curves for Case I ((4)m); (b) settlement—log(time) curves
for Case II ((4)m).
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Zhu and Yin [28, 31] for double soil
method) for calculating the average
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layer consolidation analysis is adopted (denoted Zhu and Yin
degree of consolidation m,. Zhu and Yin [28, 31] provided

charts for calculating the average degree of consolidation m,. In the solution and charts, Zhu and
Yin [28, 31] introduced two independent parameters (p, g), construction time factor (7;.) and time
factor (7) for the consolidation settlement calculation. Key equations are summarized as follows:

_ Vamy — kimy,

p ey
Vkamyy +kymyy

_ Hy\/c,o — Hy\ /oy

7= Hy\/c\o + Hyy\/cy

_(+q)
: 5)
Ul
2
T, — Cy1Cyle ;
(Hiy/C2 + Hay/en)
T — Cy1 Gyt

(H1\/Ga + HavJfen)’

Time (day)
0.1 1 10 100 1000 10000 100000
0.0 + - . .
0.1 @
0.2 4
= 034
£
= 04
£
o 0.5
5 CaseI(4m): OCR=1.5 N e
@ 06 TN e,
07 ®  Plaxis with SSC model
- New simplified Hypothesis B method (Zhu and Yin method for U,) y
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Figure 4. Comparison of FE simulation and the new simplified Hypothesis B method for 4-m-thick double
soil layers with OCR=1.5: (a) settlement—log(time) curves for Case I ((4)m); (b) settlement—log(time)
curves for Case II ((4)m).
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T, Cn
T ,Elz‘; T.

0

[1—exp(—AT)]
Ua(Ta Tc) =

907

T<T.

(6)

1- Zc—"[l —exp(—2,.Tc)] xexp[—A2(T — T.)] T=>T,

n= l/li Tc

where 4, is the root of the equation sinf+ psin(qf)=0 for both top and bottom drained condition
(conditionl) and the equation cosfd—pcos(qd)=0 for one side drained condition (condition?2).

Values of ¢, are determined by the following equation:

2[my HEsin(4,8) + mvsza)sin(/I,,a))]2

@2 (my Hy + mypH>) [mlelfsinz(/lnf) + mvszwsinz(inw)}

Cn =

2muH1Ecos(2,8)]

w?(my Hy + moH>) [my HyEcos? (2,8) + mvzHga)sinz(/I,,a))]

for condition 1

)

for condition 2

Details of the derivation could be found in Zhu and Yin [28, 31], 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 [30] 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:
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0.8

Figure 5. Comparison of FE simulation and the new simplified Hypothesis B method for 4-m-thick double
soil layers with OCR =2: (a) settlement—log(time) curves for Case I ((4)m); (b) settlement—log(time) curves

for Case II ((4)m).
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H, = H2(0v1/0v2)1/2
Cvilt (8)

T:4’2
(H\ + H,)

where H, is the height of the soil layer 2, /1, is the equivalent thickness of soil layer 2 as if it is made up
of soil layer 1, and ¢, and c,, are the coefficients of consolidation for layers 1 and 2, respectively. T is
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 MODELING
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.
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Figure 6. Comparison of FE simulation and the new simplified Hypothesis B method for 8-m-thick double
soil layers with OCR=1: (a) settlement—log(time) curves for Case III ((8)m); (b) settlement—log(time)
curves for Case IV ((8)m).

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2017; 41:899-917
DOI: 10.1002/nag



A NEW SIMPLIFIED HYPOTHESIS B METHOD 909

4.1. Description of the double soil layers

There is more than one soil layer at the site of HKIA [40, 41]. ‘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 considered free drained [42]. Detailed
description of ‘Upper Marine Clay’ can be found in [3, 43, 44]. The void ratio of ‘Upper Alluvium’
is 1. Both ‘Upper Marine Clay’ and ‘Upper Alluvium’ are considered to have three different 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 I presents values of all
parameters of four cases of double soil layers used for consolidation analysis using the new
simplified Hypothesis B method and FE modeling (FEM) using Plaxis (2D version 2015). The total
thickness of Case I (4m) and Case II (4m) is 4m with 2m ‘Upper Marine Clay’ in the top
followed by 2m ‘Upper Alluvium’, the bottom of which is impermeable. Comparing to
Case I (4m), the difference of Case II (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 Case III (8m) and Case IV (8m) is 8 m with 4 m ‘Upper Marine Clay’
in the top followed by 4m ‘Upper Alluvium’, the bottom of which is impermeable. Comparing to
Case III (8m), the difference of Case IV (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 modeling approach

In order to verify the accuracy of the new simplified Hypothesis B method for double soil layers,
the FE software Plaxis (2D version 2015) is used for the numerical simulation adopting the soft
soil creep (SSC) model [12, 45], which is, in fact, an non-linear Elastic Visco-Plastic constitutive
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Figure 7. Comparison of FE simulation and the new simplified Hypothesis B method for 8-m-thick double
soil layers with OCR=1.5: (a) settlement-log(time) curves for Case Il ((8)m); (b) settlement—log(time)
curves for Case IV ((8)m).
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Figure 8. Comparison of FE simulation and the new simplified Hypothesis B method for 8-m-thick double
soil layers with OCR=2: (a) settlement—log(time) curves for Case Il ((8)m); (b) settlement—log(time)
curves for Case IV ((8)m).

model [46, 47]. A two-dimensional plane strain FE 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 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 100 000 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 I. The initial pre-consolidation stress plays an important role in the
ground settlement prediction when adopting the SSC model [45]. 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 K, 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 first determined. It is suggested that the total thickness of 4 m or 8§ m shall be divided
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Table IV. Relative error values for Hypothesis A method and the new simplified Hypothesis B methods
using Zhu and Yin method for U, and US Navy method for U,

(a) Relative error values of parameters for 4-m-thick double soil layers

Case OCR Time Spiis US Navy method for U, Zhu and Yin method for U,
(day) (m)

Ua(%) Stota]A (m) StatalA StolalB (m) StotalB Ua(%) StotalB (m) StotalB
relative relative relative
error(%) error(%) error(%)

Casel 1 1000 0.479 50 0.369 23.0 0.461 3.9 54.0 0.487 1.5
(4m)
7500 0.797 98 0.716 10.1 0.835 4.7 98.8 0.842 5.7
100000 0.883 100 0.788 10.7 0.907 2.7 100 0.908 2.8
1.5 730 0.373 50 0.278 25.5 0.380 1.9 54.1 0.402 7.8
5580 0.650 98 0.544 16.3 0.678 4.2 98.9 0.684 5.2
100000 0.747 100 0.619 17.2 0.753 0.7 100 0.754 0.9
2 550 0.321 50 0.217 32.3 0.325 1.2 53.9 0.346 7.8
4200 0.536 98 0.426 20.4 0.570 6.4 98.9 0.579 8.0
100000 0.643 100 0.505 21.5 0.649 0.8 100 0.653 1.5
Case Il 1 725 0.701 50 0.366 47.8 0.454 353 92.9 0.767 9.4
(4m)
5525 0.813 98 0.717 119 0.831 2.2 100 0.856 5.3
100000 0.886 100 0.795 10.2 0.910 2.7 100 0.920 39
1.5 445 0.554 50 0.279 49.7 0.373 32.7 92.7 0.609 9.9
3375 0.662 98 0.544 17.8 0.670 1.2 100 0.690 43
100000 0.748 100 0.630 15.8 0.756 1.0 100 0.765 2.2
2 262 0439 50 0.218 50.4 0.313 28.8 88.7 0.484 10.3
2000 0.543 98 0.426 21.5 0.557 2.6 100 0.576 6.0
100000 0.645 100 0.521 19.1 0.652 1.1 100 0.662 2.7
(b) Relative error values of parameters for 8-m-thick double soil layers
Case OCR Time Spiuis US Navy method for U, Zhu and Yin method for U,
(day) (m)
Ua S, totalA S totalA S, totalB S total B U a Stota IB S total B
(%) (m) relative (m) relative (%) (m) relative
error(%) error(%) error(%)
Case Il 1 2800 0.789 50 0.526 33.3 0.737 6.6 54.0 0.778 1.5
(8m)
21260 1.314 98 1.028 21.7 1.293 1.6 98.9 1.305 0.7
100000 1.435 100 1.118 22.1 1.383 3.7 100 1.385 3.5
1.5 1750 0.543 50 0.352 35.1 0.580 6.7 51.5 0.590 8.5
13400 0.981 98 0.689 29.7 0.980 0.1 99.0 0.989 0.8
100000 1.134 100 0.792 30.1 1.080 4.5 100 1.085 4.3
2 1230 0.429 50 0.251 414 0.460 7.3 51.1 0.465 8.5
9450 0.734 98 0.492 32.9 0.773 5.2 99.0 0.779 6.0
100000 0.912 100 0.606 33.5 0.887 2.8 100 0.888 2.6
Case IV 1 1850 1.137 50 0.526 53.7 0.726 36.1 93.5 1.181 3.9
(8m)
14050 1.339 98 1.028 23.2 1.282 4.2 100 1.326 1.0
100000 1.440 100 1.136 21.1 1.390 3.5 100 1.413 1.9
1.5 740 0.759 50 0.352 53.6 0.552 27.2 92.1 0.848 11.7
5650 0.981 98 0.690 29.7 0.953 2.9 100 0.987 0.6
100000 1.139 100 0.830 27.1 1.094 4.0 100 1.114 2.2
2 475 0.558 50 0.251 55.0 0.428 23.4 88.2 0.621 11.2
3630 0.743 98 0.492 33.7 0.739 0.5 100 0.761 2.5
100000 0.917 100 0.648 29.3 0.895 2.4 100 0.907 1.1

into a number of sub-layers with 0.5-m thickness in order to calculate the final primary settlement Sy
more accurately for each soil type layer. Second, values of the initial effective stress (‘7;1‘,')’ that is,
Point 1 (0';1,811) in Figure 1, pre-consolidation stress state (a;p,i)’ and final effective stress (a’zf J)
for each sub-layer j after loading are calculated below:
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where z; is the sub-layer middle location, y;,;; is the saturated weight of the soil in the sub-layer, as
listed in Table I, y,, is water unit weight, taken as 9.81 KN/m?>, and Aa; is the vertical loading, taken
as 20kPa 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 ¢/’ is different from the index ‘7” 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"zl,ezl) for OCR=1.5 or 2, and at

Point 3 (a;p, ezp) for OCR=1. Assuming the initial strain is zero for all four cases. Final effective

stress state is at Point 4 (0;4,814) 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 (0';4,824) for all sub-
layers of ‘Upper Alluvium’ with OCR=1, but at Point 2 (0;27822) for some sub-layers of ‘Upper
Alluvium’” when 8-m layer when OCR=1.5 or 2 and 4-m soil layer with OCR=2. All these final
effective stresses can be calculated using the parameter values in Table 1.

Third, Eq. (3) is used after the stress increment of 20 kPa to determine ‘primary’ consolidation final
settlement Sy ;, for each sub-layer j of 0.5 m thick with OCR=1 of a soil type layer i. Because all the
sub-layers of ‘Upper Marine Clay’ and ‘Upper Alluvium’ are at Point 4 (0';4,814) for final
effective stress state, Eq. (3) is used for S;,. When the final effective stress state is at
Point?2 (0;2,,9:2) , 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 Sg,
the coefficient of volume compressibility, m,;, and the coefficient of consolidation, c,;, for the whole
‘Upper Marine Clay’ or the whole ‘Upper Alluvium’ can be obtained as follows:

Spi = lefu i L Sy
Pl i)

i vi 10
i y (10)

m,;
where H; is the total thickness of ‘Upper Marine Clay’ or ‘Upper Alluvium’. Calculated values of Sg,
my;, and c¢,; for ‘Upper Marine Clay’ and ‘Upper Alluvium’ are listed in Table II.

Fourth, 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 II. Take Case I(4m) with
OCR=1 as an example: H,=H,=2m, c,;=0.00122 m*/day, and c,,=0.02208 m*day in Table II,
the time factor, 7, after a loading time of 100days with one-way drainage condition could be
determined as follows:

Cuat 0.0012x0.02208 x 100
T— G162 - x x —0.02. (11)

(H\ /e + Ha/r)’ 4(v/0.02208 + /0.0012)°

From the solution charts for one-way drainage condition [31], the average degree of consolidation
U, is 18% for p=—0.3 and ¢=0.62 (from solution charts in Zhu and Yin [28, 31]) and is 13% for
p=0.3 and ¢=0.62. It is noted that 7.=0 because the loading is suddenly applied. With the help of
the interpolation method for p=—0.22 in Table II, the average degree of consolidation U, at time of
100 days and for p=—0.22 and ¢=0.62 could be obtained:
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o — 03— (-022)]x18% + [(-0.22) - (~0.3)]x13%

. 03— (<03) =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 [30], 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.

Last, for ‘Upper Marine Clay’, the creep compression &, is 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 &..e,r when the final effective stress state of some sub-layers is in over-
consolidation state. The equivalent times, 7,5, in Eq. (2) shall also be calculated first using the third
row equation in Eq. (2) for a few sub-layers of ‘Upper Alluvium’ with 8 m and listed in Table III
for OCR=2. Values of tgopges 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 FE software Plaxis (2015 version) is used to simulate the same four cases of double soil layers, and
results are used to verify the accuracy of calculated results using the new simplified Hypothesis B
method. Because the conventional Hypothesis A method is still used by some people but 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. 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 U,. Dashed lines are the calculation results of the new simplified Hypothesis B
method with US Navy method for U,. Dotted lines are the calculation results of the Hypothesis
A method with US Navy method for U,,.

a. Case I(4m) and Case Il1(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 4-m-thick double
soil layers with OCR=1 (a=0.6). For Case I(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 U, 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 U, are overlapped by those with US Navy method
for U, when the ‘primary’ consolidation is completed. For Case [I(4m), there is an obvious gap
between the calculated results using Zhu and Yin method for U, and those adopting US Navy
method for U,. It is seen clearly from Figure 3(b) that calculated curves of the new simplified
Hypothesis B method using Zhu and Yin method for U, 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
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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 Case II(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 ¢. The relative error is defined as:

relative error = |(Swtap — SpPiaxis) /S Plaxis| X 100% (13)

where Sp;,.s 1S the predicted settlement from Plaxis at time ¢ In this paper, we take two times at
U,=50%, U,=80% (from Hypothesis A method using US Navy method for U,) and time of
100000days. S, is 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
Siorip 18 replaced by Sia- As a result, values of relative error for all double soil layer
conditions are listed in Table IV(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 4 m double layers of soil profile with OCR=1.5
(2=0.7). Figure 5 shows the comparison of settlement—log(time) curves from FE simulation, the new
simplified Hypothesis B method, and Hypothesis A method for 4-m 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 4-m thick double soil layer with OCR=1, 1.5, and 2, it can be observed in Table IV(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 for U,,. 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. Case IlI(8m) and Case IV(8m)

For 8-m-thick double layers of soil profile, Figures 6, 7, and 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 IV(b). In both cases of Case [II(8m) and
Case IV(8m) with OCR=1, 1.5, and 2, it can be observed in Table IV(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 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
[31] 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 [25, 26], a new simplified method is
presented to calculate the consolidation settlement of double layers of soils with creep for different
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stress—strain states. Two idealized soil layers with different total thickness values (4 m and 8 m) 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 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 is 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 er-
ror of this new method with Zhu and Yin method for U, is from 0.9% to 8.5% for Case I(4m) and
Case IlI(8m), and from 1.0% to 11.7% for Case II(4m) and Case III(8m).

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 Case I(4m) and Case III(8m) as
well as those from the FE simulations. The differences and relative errors are big in Case 11(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 Case I(4m) and Case III(8m), and from 0.5% to 36.1% for Case 1I(4m) and
Case Il1(8m).

c. The consolidation settlements are all underestimated by using Hypothesis A method adopting US
Navy method for U, in 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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Abstract

It is well known that the calculation of consolidation settlements of clayey soils shall consider creep compression in both
“primary” consolidation and so-called secondary consolidation periods. Rigorous Hypothesis B method is a coupled
method and can consider creep compression in the two periods. But this method needs to solve a set of nonlinear partial
differential equations with a proper elastic viscoplastic (EVP) constitutive model so that this method is not easy to be used
by engineers. Recently, Yin and his coworkers have proposed a simplified Hypothesis B method for single and two layers
of soils. But this method cannot consider complicated loadings such as loading, unloading and reloading. This paper
proposes and verifies a general simple method with a new logarithmic function for calculating consolidation settlements of
viscous clayey soils without or with vertical drains under staged loadings such as loading, unloading and reloading. This
new logarithmic function is suitable to cases of zero or very small initial effective stress. Equations of this simple method
are derived for complicated loading conditions. This method is then used to calculate consolidation settlements of clayey
soils in three typical cases: Case 1 is a single soil layer without vertical drains under loading only; Case 2 is a two-layered
soil profile with vertical drains subjected to loading, unloading and reloading; and Case 3 is a real case of a test
embankment on seabed of four soil layers installed with vertical drains under three stages of loading. Settlements of all
three cases using the new general simple methods are compared with values calculated using rigorous fully coupled finite
element method (FEM) with an elastic viscoplastic (EVP) constitutive model (Cases 1 and 2) and measured data for Case
3. It is found that the calculated settlements are in good agreement with values from FEM and/or measured data. It is
concluded that the general simple method is suitable for calculating consolidation settlements of layered viscous clayey
soils without or with vertical drains under complicated loading conditions with good accuracy and also easy to use by
engineers using spreadsheet calculation.

Keywords Clayey soil - Consolidation - Creep - Elastic viscoplastic - Settlement - Time-dependent

1 Introduction

In recent decades, many geotechnical structures have been
constructed on clayed soil ground, especially on seabed
with layered clayey soils and other soil types in many
coastal cities in the world. One typical example is two
artificial islands (5.10 km? for runway one and 5.45 km?
for runway 2) of Kansai International Airport in Osaka,
Japan. Runway one was constructed starting in December
1986 and was open in September 1994. Runway two was
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islands were constructed on seabed as part of Hong Kong—
Zhuhai-Macao link project. In near future, more marine
reclamations will be constructed on seabed in Hong Kong
waters. Excessive settlements, especially long-term settle-
ments have been and will be a big concern. It is well known
that settlements of saturated clayey soils are caused by
dissipation of excessive pore water pressure in voids of
soils and also by viscous deformation of soil skeleton. The
stress—strain behaviour of the skeleton of clayey soils is
time-dependent due to the viscous nature of the skeleton
[6, 12, 19, 24]. Methods for calculating settlements of
saturated clayey soils shall consider the coupling process of
dissipation of excessive pore water pressure and viscous
deformation of soil skeleton.

Terzaghi [29] first presented a theory and equations for
analysis of the consolidation of soil in one-dimensional
(1D) straining (oedometer condition). But this theory
cannot consider viscous deformation of soil skeleton.
Later, improved methods were proposed, including meth-
ods based on Hypothesis A [20, 21] and other methods
based on Hypothesis B [2, 3, 6, 10, 11, 19, 15, 16].
Hypothesis A method assumes no creep compression dur-
ing the “primary” consolidation period, and the creep
compression occurs only in the “secondary” compression
starting at tgop which is the time at End-Of-Primary con-
solidation. Yin and Feng [35] and Feng and Yin [9] pointed
out that Hypothesis A method normally underestimates the
total settlements due to ignoring creep compression in the
“primary” consolidation period.

Hypothesis B is a coupled consolidation analysis using a
proper constitutive relationship for the time-dependent
stress—strain behaviour of clayey soils. Hypothesis B
method needs to solve a set of two partial equations: (i) an
equation derived based on mass continuity condition using
Darcy’s law and (i) a constitutive equation such Yin and
Graham’s [37] 1D elastic viscoplastic model (1D EVP)
[38]. Yin and Graham [38] used a finite difference method
to solve this set of equations. The computed settlements
and excessive pore water pressures were in good agreement
with measured data from tests done by Berre and Iversen
[5]. Yin and Graham [38] also found that Hypothesis A
method underestimated total settlements. Nash and Ryde
[22, 23] also used Hypothesis B method adopting 1D EVP
model [37] to analyse the consolidation settlement of an
embankment on soft ground with vertical drains. Their
computed settlements were in good agreement with mea-
sured values.

Hypothesis B method needs to solve a set of nonlinear
partial different equations, and a computer program is
needed. This method is difficult to be used by practicing
engineers without such computer program and without a
good knowledge of nonlinear constitutive model. To
overcome this limitation, Yin and Feng [35] and Feng and
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Yin [9] proposed a decoupled simplified Hypothesis B
method for calculating settlements due to both excessive
porewater pressure dissipation and also due to creep
compression during and after the “primary” consolidation
period. The calculated settlements are in close agreement
with measured data and computed values using the fully
coupled Hypothesis B method with the aid of computer
software. However, this simplified method is neither suit-
able for complicated loading such as staged unloading and
reloading, nor for multiple layers of soils with vertical
drains. In this paper, authors propose and verify a general
simplified Hypothesis B method (also called a general
simple method) for calculating consolidation settlements of
layered clayey soils with or without vertical drains under
staged loadings including loading, unloading and reload-
ing. Such loading process is commonly used in practice. In
addition, a new logarithmic function, which has definition
at zero stress, is used in this method for calculating set-
tlements of soils at very small vertical effective stress.

2 Formulation of a general simple method
for calculating consolidation settlements
of multi-layered soils exhibiting creep
under staged loading

2.1 Formulation of a general simplified
Hypothesis B method

Figure 1 shows a soil profile with n-layers of soils with
corresponding thicknesses (Hi,Ha,...H,) and depths
(z1,22,...20). The total thickness of this profile is H. A
vertical drain with smear zone is shown in Fig. 1, where
dy = 2ry is the diameter of a drain equal to twice radius 7,4
of the drain, d; = 2r is the diameter of a smear zone equal
to twice radius r, of the smear zone, d., = 2r, is the
diameter of an equivalent unit cell equal to twice radius r,
of the cell. It is noted that vertical drains are installed all in
the same triangular pattern or the same square pattern and
are subjected a uniform surcharge over all vertical drains.
Therefore, deformation of soils in all unit cells is approx-
imately in the vertical direction. Thus, soils in each unit
cell are assumed to be in 1D straining on average. 1D
straining constitutive models can be used, for example 1D
EVP model [36, 37]. If a horizontal soil profile has no
vertical drains, then d; =d; =0 and d, = oo in Fig. 1,
which is also suitable for multi-layered soils without ver-
tical drains.

Authors propose a general simplified Hypothesis B
method for calculating consolidation settlement of multi-
layered viscous soils with or without vertical drains under
any loading condition for the soil profile under uniform
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Fig. 1 A soil profile of n-layers with vertical drain subjected to uniform surcharge g(t) with time

surcharge ¢(t) in Fig. 1. Formulation of this general simple
method is presented below:
Jj=n j=n
StotalB = Sprimary + Screep = Z Ujsﬂ + Z Screepj
J=1 J=1
j=n j=n
Sﬁ + |:al]jﬂScreep,ﬁ
J=1

=U
i=1

B
+ (( 1 — OCU]'/ )Screep7dj:|
for all £ > tgop tab (f > fEOP fielafOT Screcp.q;)

The formulation in Eq. (1) is a de-coupled simplified
Hypothesis B method. The “de-coupled” means that
“primary” consolidation settlement Sprimary 1S separated
from creep settlement Screep. The separation of “primary”
consolidation from “secondary” compression for a labo-
ratory test is shown in Fig. 2. A normal soil specimen in
oedometer test has 20 mm in thickness with double drai-
nage so that the value of tgop 12 in Fig. 2 is small with tens
of minutes only. fgop ficld in Eq. (1) is the End-Of-Primary
(EOP) time for soil layers in the field. The value of #Eop ficla
may vary from a few years to tens of years depending on
the thickness and permeability of soils in the field. fy4p, in
Fig. 2 is the time with duration of 24 h in an oedometer
test, normally larger than 1EOP lab with
TEOP lab < 124hrs <TEOP field normally true. In practical appli—
cation, fgopap Will be replaced by the time 7, which is

conveniently adopted as 24 h with conventional oedometer
tests. The compression indices are calculated using test
data from the same duration of 24 h as #y. It shall be
pointed out that in Eq. (1), the items of S¢reep,qj Will be zero
for t < tgop fiela and will become positive ¢ > fgop ficld-

In Eq. (1), “primary” consolidation settlement Spimary
shall be calculated for multiple soil layers with or without a
vertical drain:

Jj=n Jj=n
Sprimary = Z U/Sf] = UZ Sfj
=1 =1

where U; is combined average degree of consolidation for
Jj-layer and U is combined average degree of consolidation
for all multiple soil layers with or without a vertical drain:

Uy=1-(1-Uy)(1 - Uy (3a)
U=1-(1-U)(1-U,) (3b)

(2)

Equation (3) is called Carrillo’s (1942) formula where
Uyjand U,; or U, and U, are average degree of vertical
consolidation and radial consolidation for j-layer or mul-
tiple soil layers. If there is no vertical drain, U,; = U, = 0,
from (3), U; = U,; or U = U,. For multiple soil layers, the
superposition of the average degree of consolidation for
each layer is not valid since the continuation condition at
each interface of two layers must be satisfied. S is the final
“primary” consolidation at End-Of-Primary (EOP)
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consolidation for j-layer. S; can be calculated using the
coefficient of volume compressibility m, or compression
indexes C,, C, of j-layer. More details on calculations of S
and U are presented in the next section.

In Eq. (1), Screep; is creep settlement of soil skeleton in j-
layer and is equal to:

Screepj = Od]]ﬁscreepfj + (1 - Od]f) Screep,dj

for all > tgop jab (f > tEOP field TOT Screep.dj)

(4a)

Equation (4a) can also be written as:

ochScreep 5 fort>teopan
Screepj = B B
AU} Sereepj + (1 — 2U} ) Screep.dj t > tEOP field
(4b)

where U; is from Eq. (3a) with value from O to 1 only and f8
is a power index with value from O to 1. Yin [33] used a
parameter o = 1 without U]/f . But this over-predicted total
consolidation settlement. Yin and Feng [35] and Feng and
Yin [9] used « = 0.8 without Ujﬁ and gave results in close
agreement with measured data and values from rigorous
fully coupled consolidation modelling. In this paper, a
general term of ochp is suggested. See more examples later
in this paper on more accurate prediction results.

Screep,i 10 Egs. (1) or (4) is creep settlement of j-layer
under the “final” vertical effective stress after load
increased, ignoring the excess porewater pressure. Screep,dj
in Egs. (1) or (4) is “delayed” creep settlement of j-layer
under the “final” vertical effective stress ignoring the
excess porewater pressure. Sereep,qj Starts for £ 2> fgop fielg, in
other words, is “delayed” by time of fgopficlq to occur.

@ Springer

teop field 18 the End-Of-Primary (EOP) of consolidation for
field condition of j-layer. More discussion on Screeps; and
Secreep,qj 18 1n later section.

2.2 Calculation of S

In Eq. (2), the total primary consolidation settlement
Sprimary 18 sum of settlements Sy of all sub-layers multiplied
by an over-all average degree of consolidation U. This
section presents methods and solutions for calculating Sg.
In the following calculations, in order to make all equations
and text in following paragraphs concise, the layer index
“j” is removed, keeping in minds that these equations are
for one soil layer.

If the coefficient of volume compressibility m, is used
and vertical effective stress increment Ao’z and thickness H

are known for a soil j-layer, Sy for j-layer is:
Sy = vaa/ZH (5)

It is noted that m, is not a constant, depending on ver-
tical effective stress, and shall be used with care. For
clayey soils or soft soils, it is better to use C, and C, to
calculate Sy for higher accuracy. An oedometer test is
normally done on the same specimen in multi-stages.
According to British Standard 1377 [7], the standard
duration for each load shall normally last for 24 h. In this
paper, the indexes C,, C. and pre-consolidation stress

point (o,,,&,) are all determined from the standard

zp?
oedometer test with duration of 24 h (1 day), that is,
trns = 1 day, for each load and for each layer. The ide-
alized relationship between the vertical strain and the log
(effective stress) is shown in Fig. 3 with loading, unloading

and reloading states.
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Yin and Graham [36,37] and Yin [31] pointed out lim-
itations of using a logarithmic function for fitting creep
curve of log(time) and strain, when time is zero. In 1D EVP
model, Yin and Graham [36,37] introduced a time
parameter 7, in a logarithmic function to care creep starting
from time zero. In many real cases, the vertical effective
stress alz is zero or very near zero, for example, a; at sur-
face or near surface of seabed soils or soil ground. If a
normal logarithmic function is used for fitting compression
curve of log(effective stress) and strain, when the stress is
zero, the strain is infinite. To overcome this problem, a unit
stress o, is added to the logarithmic function in this paper
and was also in Yin’s a nonlinear logarithmic-hyperbolic
function in [32]. Adding ¢/ in linear logarithmic stress
function is particularly necessary for very soft soils in a soil
ground with initial effective stress zero at the top of the
surface. For example, the initial vertical effective stress at
the top surface in soft Hong Kong Marine Clay (HKMC) in
seedbed is zero.

As shown in Fig. 3 and assuming stresses in each layer
are uniform, the final settlements Sy for j-layer in Eq. (2)
for six cases are calculated as follows by adding ¢/ ., and
Ol 10 a new logarithmic stress function for elastic
compression (OCL) and elastic—plastic (NCL) compres-
sion separately.

(i) Loading from point 1 to point 2 with OCR =
o’zp /o, and point 2 in OCL:

(i)

St1-2 =¢&12H

r

= T e log(ag2 + O'fmi[l/ah + O-:mill)H
(6a)

The ¢, 1, is the vertical strain increase due to
stress increases from 6;1 to 6;2. The OCR is over-
consolidation ratio, and OCL is an over-consoli-
dation line. If o], is zero, (6a) goes back to
conventional logarithmic stress function. The
value of ¢/, is from 0.001 kPa to 1 kPa. For very
soft soils, 7, takes values close to 0.01 kPa.
Similar strain increase symbols are used in the
following equations. Equation (6a) can avoid sin-
gularity problem at initial stress zero ((7;1 = 0) and
is good for very soft soils, such as slurry under
self-weight consolidation.

Loading from point 1 to point 4 with OCR =
a.,/0.; > 1 and point 4 in NCL:

Spi—4 = &1-4H =
|:C"/1 + e IOg (O-zp + O-unitl/o-zl + Gunitl)
C » ! ! ’ !
Ce IOg (Gz4 + aunitZ/azp + GunitZ):| H
o

T
(6b)

NCL is a normal consolidation line. Adding
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0, and o)., in Eq. (6b) can avoid singularity
problem at initial stress zero (a/Zl = O'/Zp =0).
(iii) Loading from point 3 to point 4 with OCR =
o;p /.5 =1 and point 4 in NCL:
Sf3-4 =63 4H=C/1
’ ' ’ / (60)
+eo 10g (0z4 + GunitZ/O-zp + aunitZ)H

(iv)  Unloading from point 4 to point 6:
Spa—6 = éz4—6H = C,/1

’ ! 7 ! (6d)
+e, log (% + Uunn1/‘7z4 + Gunill)H
(v) Reloading from point 6 to point 5:
St6-5 = t6-sh = Cr/1
(6e)

+e, log (0';5 + G/unitl/o-/z(v + alunitl)h
(vi) Reloading from point 6 to point 7:
Sre-1 = Er6-7H =

[Cr/l + e, log (le4 + O—,unitl/o—/z6 + Gan)

c

C ! ! ! !
+ T +e log (“z7 + JunilZ/Gz + JunilZ):|H
o

(6f)

However, the initial stresses and stress increments in a
clayey soil layer are not uniform; Eq. (6) cannot be used.
There are two approaches to consider this non-uniform
stress as below.

(a) Dividing j-layer into sub-layers

A general method is to divide this soil layer into sub-layers
with smaller thickness, say, 0.25 m to 0.5 m, which has
been adopted by previous studies [35, 40]. The stresses and
parameters in each sub-layer are considered uniform and
constant. The final settlement Sy for j-layer is sum of set-
tlements of all sub-layers [9, 35]. For each sub-layer with
uniform stresses, equations in Egs. (6a—6f) can be used
depending on the initial and final stress points. This method
is flexible and valid for complicated cases in which vertical
stress and pre-consolidation pressure may not be uniform.
(b) Special case of constant parameters C., C, and linear
changes of initial stresses, stress increments, and pre-
consolidation pressure for j-layer

For a clayey soil layer of thickness H, C,, C, are often
constant, but stresses may vary with depth z. Figure 4
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Fig. 4 Linear changes of initial vertical effective stress (‘7;1)» total
vertical effective stress (a;), vertical pre-consolidation stress (a;p) for
a soil layer

shows linear changes of initial vertical effective stress,
total vertical effective stress, vertical pre-consolidation
stress for a soil layer. Linear changes are in following
equations:

’ ’ Ve ’ ’

0,1 =007 H (GzL,H - 0}1,0) (7a)
’ ’ Z ’ ’

Op =030 + E (Gzp,H - O-zp,()) (7b)
’ ’ Z ’ ’

7. = 0u0 Ty (%4,}1 - 0z4,0) (7c)

where ¢, is the initial vertical effective stress. It is noted
that the increase of pre-consolidation stress (or pressure)
a/zp may not be as fast as the total vertical effective stress a/z

as shown in Fig. 4. Therefore, there is a point which 6;p =

0; at depth z,. Let us consider a general case of loading
from point 1 to point 4, the calculation of settlements of j-
layer for four different cases are in following.

(i) Normal consolidation case: OCR = a/zp / 0;1 =1.

. « e, . ! .
In this case, initial effective stress o and pre-consoli-

. ! .
dation stress o, are the same, after the stress increase,

P
! I ! . .
0,>0,=0,. In this case, Sy 14 is:

z=H
Sta-a = / &.1-4dz
z=0
z=H
Cc 1 ’ f ,
- 1+e log (GZ + O—unitZ/O_zp + Uumtz)dz (Sa)
z=0

Substituting Eq. (6) into the above equation:
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Sf,1*4 — S C(. { H [( ’ i / )
—H ’ . ’ ’ ’ f1-4 = / _ 4 0-14,1'1 GunitZ
Z/ C. | 0240 + H (624,['1 - O-z470) *t Ounir2 J (1 + 60) 11’1(10) (0-14,H Uz4,0)
n Z ’ / ’ ’
20 (1 + 60) 11’1(10) 02170 + é (O-;I‘H — 6;1.()) -+ aimitZ 1n(lo-z4,H +Iaun112) - /(614,H 4: O-unit2)7 / /
(0,40 + Ouni) 1n(°}4,0 + Oumie) — (01470 + Cynid))]
1 1 1 H ’ ! ’ !
( * eo) n(10) ECAPETN (0.5 + Ounia) (0 g7 + Ounia)
21 H 21,0
/ 4014 H ( AH 0},4,0) + Uunitz] dz - (Uzl,H + Oynica) — ((JZLO + Oynia) ln(%l,o + Gynid)
0 ! !
Z:ZH —(010+ GunilZ))]}
/ ln G0+ 7 ( OaH— 0z1.0) + O—unit2:|dz (8b)
7=0 (ii))  Over-consolidation case: OCR = a’zp / 0;1 > 1 and
. . ) J’,Za; for 0<z<H.
Let wus introduce a new variable x= G0t ‘ P
(s 4 ) +o oandy=0c,0+% (G’ 4 ) Figure 4 shows a case commonly encountered in the
" ( AT unie2 O T H AT field. Initially, the soil is over-consolidated with
TOuips  We have dz= {H / (%411 - ‘714,0)} dc and  OCR = o'zp Jo, > 1. After increased loading

dz = {H/(a’le—

we have x,_o = 0Z40 +0, and x_py = aZ4H + 0,

o’,l 0)}dy. Noting that for z = 0 and H,

unit2’
V=0 = O'Z]’O + 6, and Yy = azl’H + 7,0~ The above
equation can be written as:

xX= (74H+rr

Aa;:olz—a;l, we have and alzza/zp for0<z<H. In

this case, we have:

y= ”ay*"

unit2 unit2
C H H
Sp1a =i ——Inxdx — —  Inydy
(1+¢,)In(10) (a/ _d ) (0_' —J )
x:0/14,0+6:mi(2 aH @0 y=a. 21 o+”unnz A <o
Since [Inxdx = xInx —x and [Inydy = ylny —y, the
above equation becomes:
CC H xfc +(7 +
Sf71,4 — [x 11’1 X — x] #4.H unit2 [y ln y y} l HT i
(1 + 60) ln(10) (0-/14,H _ 0-'2470) X=0HOin (O-’zl,H _ zl 0) y=a, 0+gum[2
z=H 7=H
From above, we have: Spi4 = / 6ey_adz = /
z=0 z=0
Cr log + O unitl + Cc ]0g O- + O-ule
1+ €o 1 + O-umtl 1+ € 6 + Guth

dz
(8c)
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! !

Substituting equations in (6) for o_,, O 0'; into (8c) and
using the same method in (i), the integration of above
equation is:

Cr H ! ’
Sf~174 - 7 / [(O-ZJH + Gunitl)
o (1 + 60) 111(10) (sz,H - Gzp,O) i

’ ! ! ’
ln(o-zp,H + Uunitl) - (Gsz,H + Oynit] )_

((Uzp,o + Gunill) ln(gzp,o + Gunitl) - (Gsz,O + Ounitl ))]

H ! ! ! !
- m (01 1 + Ouniet) 10(0 r + Gypicr)

! ’ !/ ! ’ !
- (Gzl,H + aunitl) - ((Uzl,O + O-unill) 1n(o-zl,0 + O-unill)

- (0;1,0 + O

C. B g
(1+¢,)In(10) | (0o — 0240) 4H T Oui2

! ! ! !
(0,44 + Ouie) = (Coup + Opnid) —

(640 T Ouni2) I0(0 40 + Gnia) — (0240 + Typia))]
H

B (¢, y—o

! ! ! !
) [(sz,H + O-unit2) ln(asz,H + O-unit2)
p.H p,0

!

—(oput+ Onitz) — ((U;p,o + O i) ln(a;p,o + O i)
(00 + Tun))] |
(8d)
(iii)  Over-consolidation case: OCR = alzp / ‘7,11 > 1 and

! !
0,<0, for 0<z<z,.

Figure 4 shows a case in which OCR = a;p / a;l > 1, but
0,<0,, for 0<z<z, and O'ZZO'ZP for z, <z<H. In this
case, the settlement calculation shall consider depth z,:

z=H

Sr1-4 = / &;1-4dz

z=0
=7 , ,
C, g, 4+ a0, .
/ 1+e 10g<0"z —: (;m“ )dz for0<zsz,
o

1 itl
0 z uni
z=H ! !
— / Cr log O-zp + Oynitl
U !
1 te O-zl + Ounitl
=z

_|_

! ’
C o.+0,.:
¢ lo z unit2

- : dz forz,<z<H
1+ %o sz + O unit2

(8e)

Linear equations in Eq. (6) for o ,, o-;p, o-; can be sub-
stituted into Eq. (8e). Analytical integration solution can be
obtained using the same method in (i) and is not presented
here. Equations like Eq. (8) can be obtained for other
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loading, unloading, and reloading cases with linear changes
of stresses and are not discussed here.

In many calculations, m, is needed, for example, in
Eq. (5) and ¢, = k,/(m,y,,) and ¢, = k./(y,,m,) in order to
calculate U, and U,. If indexes C,, C, and pre-consolida-
tion stress point (0;‘,,7621,) are used to calculate final set-
tlements in Eqgs. (6, 7 and 8), the coefficient of vertical
volume compressibility m, can be back-calculated as.

(i) For the case of Eq. (6b) in normal loading:

Sri1-4
Myyg = —F (9a)
' H(O-z4 - azl)
(i)  For the case of Eq. (6d) in unloading:
Sra-6
mv,476 = / / (9b)
H(oy — )

In Egs. (92) and (9b), settlements and stress increments
are known so that m, corresponding to the same stress
increment can be calculated. In Eq. (9b), S;4 6 and (o, —
0'/16) are both negative so that m, 4_¢ is positive. The cal-

culation method for m, in Egs. (9a) and (9b) can be applied
to other different loading stages.

2.3 Calculation of U; and U

In Eqgs. (1) and (2), an average degree of consolidation Uj;
for j-layer or over-all average degree of consolidation U is
needed. The basic definition of U; for j-layer is:

Z:Hj Z:Hj
J my;Ac ;(t)dz [ ey — uej(2))dz
U = Sj(t) _z=0 _z=0
7 Sfj - Z:H,' , - =M
fo mVjAazjfdz fo Ueijdz
z= 7—
=H;
J ue(t)dz
—1— z=0
= —
[ ez
z=0

(10a)

where Sy is the final settlement for j-layer using m,; and
Aa;Jf, calculated using Eq. (5). It is noted that the final
vertical effective stress increment Ao”zjf is equal to the
initial excess pore water pressure u,; for j-layer. u;(t) is
the excess pore water pressure at time ¢ for j-layer. Equa-
tion (10a) can be written as:
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z=H;

i | ug(ndz _
=0

J

U=1- (10b)

| Z:ij J Uyijj

H J Ueijdz

where 1,; and 1u,; are the average initial and current excess
porewater pressures, respectively, ¢ for j-layer. The over-all
average degree of consolidation U is:

U— Sprimary _ jirll Sj(t) _ f =0 5 mV/ )dZ
Sr /:" Sf, j 'ffz 0 mv]Aa dz

/- nmwf -0 ”eJ( )dz

j n
= V]f o UeifdZ

=1-

(11a)

From Eq. (10a), ,(f) = (1 —
tion, (11a) can be written:

U;)i,;j. Using this rela-

jl‘l f
‘u
VIH =0 e]
U=1- g =
j:IMWn;L:ol%wh

| e mHiig()

Zj 1 meJ(l = U))te;j)

J=n H17 y H.17
Zj:l my;iHjliij ijl myHijtieij
= g NYER L prrre
Ej:l my;H; “ezj Ej 1 My Ujlhij

-1 mVJH Ueij

=1-

j,
_1 myiH; ”quJ

J n

i1 my;Hill,;;

(11b)

Attention shall be paid to the definition and differences
of Uj and U. The following paragraphs summarize existing
solutions for U,, U,, U; and U.

The early analytical solutions were obtained by Terzaghi
[29] for a single soil layer with thickness H under suddenly
applied load for 1-D straining. Charts of these solutions can
be found in Craig’s Soil Mechanics Knappett [17]. For
double drainage with linear excess pore water pressure u,
distribution or one-way drainage with uniform u, distri-
bution, the following appreciate equation is good and
simple to calculate U,:

4T,
For U,<0.6: T,=—~U% U, =
4 T

T, = —0.9441og(1 — U,) — 0.085,

T‘ +0 083

For U, >0.6:
U, =1-10"
(12a)

If we assume that when U, = 98%, u, ~ 0; time at U, =
98% is selected as time at EOP in the field fgop fierq. We
have:

T, = —0.9441og(1 — U,) — 0.085 = 0.150 (12b)
T.d* 1.50d>
EOP field = Z = (12¢)

where d is the maximum drainage path of a soil layer, if
double drainage, d = H/2, ¢, is the coefficient of vertical
consolidation.

To consider ramp loading as shown in Fig. 4, a simple
correction method for U, proposed by Terzaghi [29] can be
used. Solutions to 1-D consolidation under depth-depen-
dent ramp load and to special 1-D consolidation problems
can be found in Zhu and Yin [41, 48] Solutions to double
soil layers without vertical drains under ramp load can be
found in Zhu and Yin [43]. Solutions to 2-D consolidation
of a single soil layer with vertical drains under ramp load
were obtained by Zhu and Yin [45 , 46 , 47]. Solutions to
2-D consolidation of a single soil layer with vertical drains
without well resistance under suddenly applied load were
obtained by Barron [4]. Hansbo [14] presented analytical
solution to consolidation problem of a soil with vertical
drains considering both smear zone and well resistance
under suddenly applied load under equal vertical strain
assumption.

Solutions to consolidation problem of a stratified soil
with vertical and horizontal drainage under ramp loading
were obtained by Walker and Indraratna [26] and Walker
et al. [27] using a spectral method. The main partial dif-
ferential equation for the average excess pore water pres-
sure % using spectral method is:

mvau n G du  k,0%u
dT, Y% — dT,

|t (G (2) S|

M9y

m, Ot 7

(13a)
21 = v _

where = A, =i 4T, = % a2

Vertical and horizontal dralnages are considered simulta-
neously in Eq. (13a). All parameters are explained below:
u: averaged excess pore water pressure (averaged along
radial coordinate r) at depth Z, a function of time 7 and Z.
o average total stress (averaged along r) at depth Z, a
function of time ¢ and Z.

w: water pressure applied on the vertical drains, varying
with depth Z, which is zero without vacuum pre-loading
pressure.

ry: unit weight of water.

k,: the horizontal permeability coefficient of the undis-
turbed soil, a function of Z.

m,: coefficient of volume compressibility (assumed the
same in smear and undisturbed zone), calculated using total
incremental strain resulted from primary consolidation
under total stress increment, and a function of Z.
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Parameters k,, m, and n can be depth-dependent in a
piecewise linear way or kept constant within each layer. k.,
m, and 7 are convenient reference values at certain depth;
for example, values k,j—, m, j—; and Nj=1 of layer 1. If so,
Ev:Ev/Vwmv = kv,iil/ywmv.jzl = Cyj=1- n= Er/reznu =
k. J:]/rfy =1 All the parameters in Eq. (13a) have
been normalized and may be different for different soil
layers. (No layer index is used here to make presentation
concise.) Normalized parameters in Eq. (13a) are: m,/m,,
n/m, k/k.

The parameter i = k,/(r2) is related to radial perme-
ability k,, equivalent radius r, of cylinder cell, and u. If
there is no horizontal drainage in a soil layer, k, = 0 to that
n = 0. This is useful for consolidation analysis of soils with
partially penetrating vertical drains. All soil layers below
vertical drains have 1 = 0. Walker and Indraratna [26] and
Walker et al. [27] discussed that their method can also
simulate the effect of using long and short drains in unison.
For example, in lower soil layers where only long drains
are installed, # shall have smaller value than that of upper
soil layers where both short and long drains are present.

u inside # is a dimensionless drain geometry/smear zone
parameter. Expressions for u can be taken as the following
by considering effects of smear zone, well resistance, or
approximation [14]:

n? 1n 3+kr1 n §2 | §2
=—|In-—>+"Llns (1 -—=
# n?—1 s 4k n?—1 4n?

k. 1 st—1 )

AL A S

+ksn21<4n2 o )

k, 1
+nz(2l — z) — <1 - nz>

w

(13b)

In (13b), T, = f_—'z’, n=l s =0 gy = k,mr? is the
specific discharge capacity of drain (vertical hydraulic
gradient i = 1). z is the vertical coordinate in Fig. 1 and [ is
the length of drain when closed at bottom or a half of drain
when bottom is open. If hydraulic resistance of vertical
drains is zero, this means g,, = kwnrf, = 00. (13b) can be
simplified:

2

o n 1nn 3+k,1n n s2 | s2
R T\ s a7 ™) T )

IR N G R
LA —5
ken? — 1\ 4n?

Walker and Indraratna [28] also provided an expression
for u considering parabolic smear zone permeability but
ignoring smear zone:

(13¢)
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PR Chd VS
s 4 (s2-2ks+x) VK
Cs(s—1) K(K—l)ln(ﬁ—&—\/lc—l)

2(s% — 2Kks + K) VE—Vi—1

where « is the ratio of undisturbed horizontal permeability
k, to smear zone permeability k;, at the drain/soil interface,
(at r = ry, kg = ky). At r=rq, kg = k.

Walker and Indraratna [26] provided an Excel spread-
sheet calculation program implemented with VBA program
named SPECCON to enable convenient adoption of this
method for consolidation analysis of multiple soils layers
with or without vertical drains. After inputted all parame-
ters and load @, this program gives excess pore water
pressure at time 7 u,;(t) for j-layer and 7,(r) for all layers
together. The combined average degree of consolidation U;
for each j-layer is calculated using Eq. (10a). The overall
combined average degree of consolidation U for all layers
shall be calculated using Eq. (11a) or Eq. (11b). Once U;
and U with time ¢ are known, total “primary” consolidation
settlement Syrimary can be calculated using Eq. (2).

(13d)

2.4 Calculation of Screep 1 Screepjs Screep fi
and Screep.dj

In Egs. (1) or (4b), the total creep settlement Sceep of all
layers together is sum of Screp for all layers. This is a
simple superposition. The key items for calculating Screep;
are Screepzfi and Screep,dj~

(a) Calculation of Screep s for different stress—strain states

Creep settlement Screep 5 Of j-layer is calculated as creep
compression under the “final” vertical effective stress
ignoring coupling of excess porewater pressure nor any
ramp loading process. This is an ideal case in order to de-
couple this consolidation problem. To consider creep
compression occurred in “primary” consolidation starting
from time zero, the void ratio e due to creep is [36, 37]:

ty+ 1,

e=e¢,— Cylog (14)

o
where C,, is a creep parameter; f, is another creep
parameter; f, is “equivalent time” defined by Yin and
Graham [36, 37] and e, is the initial void ratio at z, = 0. In
this study, C,, is considered constant as a common practice
in engineering. Yin [32] proposed a nonlinear creep model
which considers the creep limit with time and the
decreasing trend of C,, with effective stress, which shows
advantages in very long-term settlement calculations [8].
For settlement calculation of settlements of most soft soils
in a normal service life (say 50 years) of a geotechnical
structure, it is still reliable and convenient to adopt constant
values of C,, to avoid lengthy equations as much as
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possible [9, 35]. According to the “equivalent time” con-
cept [31, 33, 34, 36, 37], the total strain €, at any stress—
strain state in Fig. 3 can be calculated by the following
equation:

CO(E t() + tL’

log

_ C(l O-;
gz_‘c‘zp+_0g’ +V t

I’

(15)
where ¢, + & log is the stram on the normal consoli-
dation lme (NCL) under stress a (also called “reference
time line” and noting initial spec1ﬁc volume V=1 +e¢,)

and Ce tott, 3

2 log =« is the creep strain occurring from the NCL

under the same stress a The above equation is valid for

any 1-D loading path. The calculation of Sceep s is depen-

dent on the final stress—strain state (az, ¢;). To make pre-

sentation concise, in the following equations, layer index j,

are removed.

(i) The final stress—strain point is on an NCL line, for
example at point 4

The final creep settlement for any point on NCL line is:

Coe (to + 1o
log
1+e,

Screep.f = >H for t, > 0 (1621)

For a suddenly applied load kept for a duration time ¢,
we have f, =t —1t,. Submitting the above relation into
(16a), we have:

Cye t
Sercepf = . _:eo log (t_o)H for t>1 day (16b)
Noting t, = 1day since C, and C. are determined

using data with 1-day duration. In (16a), if # = 1 day, from
t,=t—1t,, t,=1—1=0. This means that at time
t = 1 day, creep settlement Sceepy on NCL is zero.
According to elastic viscoplastic (EVP) modelling theory
[36, 37], the compression strain rate is the sum of elastic
strain rate and viscoplastic strain rate. The NCL line in
Fig. 3, in fact, has included both elastic strain and vis-
coplastic strain (or creep strain). The creep settlement in
(16a) is additional creep compression starting from 1 day
or below NCL.

(i) The final stress—strain point is on an OCL line, for

example at point 2

Consider a sudden load increase from point 1 to point 2,
which is kept unchanged with a duration time ¢. The final
creep settlement for any point, for example point 2, on
over-consolidation line (OCL) is:

Coe (to + 1.
lo
14+ €, t, + ten

Sereepf = )H for t, >t (16¢)

(16¢) can be re-written with Ag e, included:

Cace to+ 1o CO(G to + 12
Secreep.f = I — 1 H
creep.f [1 Te, Og( 7 ) 1+e, 0g< . >:|

= A‘Szcreepl—l

Referring to Fig. 3, it is seen that {5 ~log (’““”2 is the

strain from point 2 to point 2, while 1C” log (’”*’f is the

strain from point 2 to a point below point 2 downward.
The increased strain for further creep done from point 2 is
Aécreep, Which is used to calculate creep settlement Screep ¢
under loading at point 2. It is noted that the relationship
between ?, and the creep duration time ¢ under the stress alzz
is t, =tn +1t—t,. typ here or in (16¢) can be calculated
below. Using Eq. (15), at point 2 of (0;27 &€7), we have:
o = & —kglogg—k%log%+—te2

\%4 o, \%4 t,

From the above, we have:

t, + 1 14 CC OZZ

= (65— ¢,) o log—

lo
g we  Coe g

o

"\ T T
.\ [ O
tey = 1, x 1002 %) [ 2 —1,
a,

It is seen from (16d) that the equivalent time 7., at point
2 is uniquely related to the stress—strain state point

(16d)

( 0,5, 62). Substituting 7, = t,, +t — 1, into (16¢), we have:

Cae (t +te2
lo
1+ €o Io +1e2

)H t>1 day (16e)

Screep.f =

If we consider unloading from point 4 to point 6 in
Fig. 3, using the same approach above, we can derive the
following equations:

Ce

/ T Coe
e )x [0
tee =1, X 10(826 Szp)("" TZ6 =l
GZP

Coe to +te Coe t+t,
* _log + H=—""log +les H
1+€0 t, + tes 1+en to + tes

t>1 day

(16f)

Screep.f =

(16g)
Reloading from point 6 to point 5:
0.\ &
ts = t, x 100E=)0; (Q) —1, (16h)
o

Coce t, + 1. C“e I+ les
reep,f 1 +e, 0g (to + teS) 1+e, °8 <t() + fe5>
t>1 day
(16i)
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(b) Calculation of Screepq; for different stress—strain
states.

Screep,qj 18 called “delayed” creep settlement of j-layer
under the “final” vertical effective stress ignoring the
excess porewater pressure. Screepqj Starts for > #gop fields
that is, is “delayed” by time of fgop ficla- The selection of
time at EOP is subjective since the separation of “primary”
consolidation from “secondary” compressions is not sci-
entific and subjective. In the general simple method, the
time at U; = 98% is considered to be the time at EOP, that
is, fgop,fiela for field condition for j-layer [35]. Equa-
tion (12c) or other solutions for U; can be used to calculate
teop field for a single-layer case. Equations for calculating
Screep.qj for different “final” stress—strain state are pre-
sented below. The layer index j is removed in following
equations.

(i) The final stress—strain point is on an NCL line, for
example at point 4.

Equation (16a) is the final creep settlement for any point
on NCL line for 7, >0 or t > 1 day:

Clxe 1 to + te
(0]
1+e, g 1o

Screepf = >H . >0

Screep,d 18 delayed by #Eop field:

C., t, +1t,
Screep,d = 1 +ee 10g< . )H

lo

Coze 1, I, ie!
B log< + fe EOPf ld) o
1+e, t,

_ Ca < to + 1
1 +e, fo + Lo EOP field

)H for t, > t, EOP ficld
(17a)

Noting “.t, =t—1, ... EOPfield = !EOP field — lo- Sub-
stituting these time relations into (17a):

Cae

1+eoo

Screep,d = )H for ¢ > tEOP,field (17b)

(tEop,ﬁeld

In (17b) Screepa is calculated for f> trop field, that is,
“delayed” by time 7gop field-

(i)  The final stress—strain point is on an OCL line, for
example at point 2.

The final creep settlement at point 2 is:

Coce )
S, = 1 H
creep/ 1+ €o o8 (to + teZ)

fort, >t or t>1, =1 day

Sereep,d is delayed by fgop field:

@ Springer

CO(E I+t
Ser = 1 H
crecpd I+e, o8 (to + leZ)

Coe o (onp,ﬁem +te2) H

1 + e, t, + 12

CW ( t+1tn
0g
1+e, EOP field T fe2

Screep.d = )H for t > tgop ficld
(18a)

When ¢ = E0p fields Screep,a 10 (18a) is zero.
Using the same approach, at point 6:

t+te
Secreepd = ———1o H  for t > tgop field
TEPET ] e, & TEOP field + fe6 e
(18b)
at point 5:
Cae I+ t€5
Sereepd = —1Io H  for t > tgop field
GEPET ] 4oe, £ TEOP field + L5 -

(18¢)

3 Consolidation settlements of a clay layer
with OCR = 1 or 1.5 from general simple
method and fully coupled consolidation
analyses

In this section, consolidation settlements of an idealized
horizontal layer of Hong Kong Marine Clay (HKMC) are
calculated using the simplified Hypothesis B method and
two fully coupled finite element (FE) consolidation models.
This HKMC layer has 4 m in thickness and is free drained
on the top surface and impermeable at the bottom. Over-
consolidation ratio (OCR) is OCR =1 or 1.5. Two FE
programs are used for fully coupled consolidation analysis
of the HKMC layer: one is software “Consol” developed
by Zhu and Yin [42, 44] and the other one is Plaxis soft-
ware (2D 2015 version) Plaxis [25]. In the “Consol”
analysis, a 1D EVP model [36, 37] is used for the con-
solidation modelling. In Plaxis software (2D 2015 version),
a soft soil creep (SSC) model is adopted in the FE simu-
lations. SSC model is in fact a 3D EVP model [30]. The
structure and parameters of this SSC model are almost the
same as a 3D EVP model proposed by Yin [31] and Yin
and Graham [39].

Values of all parameters used in FE consolidation sim-
ulation are listed in Table 2. In all FE simulations, a ver-
tical stress of 20 kPa is assumed to be instantly applied on
the top surface and kept constant for a period of
18,250 days (50 years). Since HKMC layer is in seabed,
the initial vertical effective stress is zero at the top of the
HKMC layer surface. Therefore, the wunit stress
i1 OF Guniz in Eq. (6) cannot be zero. The best value of
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’

o-;mitl or g, shall be determined by oedometer compres-

sion test data at very small vertical effective stress. Here

we may assume that O-:mitl or 6imil2 takes values from 0.0 1

to 1 kPa and discuss difference of calculated settlement

values.

(a) Normally consolidated HKMC layer with H =4 m
and OCR = 1.

The integrated Eq. (8b) is used to calculate the final
“primary” settlement Sr;_4. The values of all parameters

are listed in Table 1. The values of all stresses are 0';1,0
=0, 0, = 20.76kPa, o, , = 20, o, ,; = 40.76kPa.
Sf,1,4 is:

(40.76 — 20)

Using above equation with o, = 0.01 kPa, it is found
that Sp; 4= 0944 m; if ,,,=01kPa, Sp; 4=
0.928 m; if o, =05kPa, Sy ;4= 0879 m; if

!

O iz = 1 kPa, S¢ 14 = 0.834 m. This means that the final
“primary” settlement Sy ;_4 is sensitive to the value of

!

G,.iir- In this example, we select o, ., = 0.1 kPa so that the

final “primary” settlement Sy ;_4 is 0.928 m.
The calculation of average m, and c, is below:

Ae,y 4= Spy_q = 0.928/4 = 0.232
m, = Ae,1-4/Ac,,_, = 0.232/20 = 0.0116 (1/kPa)

e, = k/(y,m,) =19 x 107/(9.81 x 0.0116)
= 1.670 x 1073 (m?*/day) = 0.610 (m* /year)

Table 1 Values of parameters for the upper marine clay of Hong Kong

As explained, a thick layer can be divided into small
sub-layers. The stresses and values of soil parameters in
each sub-layer are assumed be constant. In this case, simple
equations in Eq. (6b) can be used to calculate that the final
“primary” settlement Sy ;_4 for each sub-layer. This layer
of 4 m can be divided into 2, 4, or 8 sub-layers with
thickness of 2 m, 1 m, and 0.5 m, respectively. The final
“primary” settlement S;;_4 calculated is 0.743 m,
0.831 m, 0.881 m and 0.910 m sub-layers with thickness
of 4 m,2 m, 1 m, and 0.5 m, respectively. Values of S¢, m,
and c, for sub-layer thickness of 0.5 m for OCR = 1 are
listed in Table 2. ¢, in Table 2 is the vertical strain in each
sub-layer (0.5 m here) from the initial effective stress 0';- to
pre-consolidation pressure agp and g, is average of all ¢,
values. Since OCR = 1, agp = o, the strain ¢, and 2, are
zero. Ag; is the strain increase in each sub-layer for loading
from a’zp to current stress a;. A, is average of all Ae,
values. (g, + Ag;) is total vertical strain. Summary of
values of Sy, m, and c, for different numbers of sub-layers
for OCR =1 is listed in Table 3 including Sy obtained by
more accurate integration method. It is seen from Table 3
that the more sub-layers (or the smaller thickness of the
sub-layers), the more accurate are these Sy, m, and c¢,. A
thickness of 0.5 m is considered as appropriate since the
relative error of Sy is only W x 100% = 1.9% of the
integrated one.

In this example, the general simplified Hypothesis B
method in Eq. (1) together with other equations on relevant
parameters is used to calculate the total settlement Sioaip

(a) Values of basic property

V=1+e, w;(kN/m?) OCR wi(%)
3.65 15 lorl5 100
(b) Values of parameters used in Consol software

K/V Va4 1744 1,(day) ky(m/day) a,* (kPa)
0.01086 0.174 0.0076 1 1.90 x 107 1

(c) Values of parameters used in PLAXIS

K" A w t,(day) k,(m/day) OCR ¢ (kPa ¢ (deg)
0.02172 0.174 0.0076 1 1.90 x 107 lorl5 0.1 30

(d) Values of parameters used in the simplified Hypothesis B method

C, [C. = xkIn(10)] C. [Cc = A1n(10)] Cye [Cue = Y 1In(10)] 14 1,(day) k,(m/day)
0.0913 1.4624 0.0639 3.65 1 1.90 x 107
*: 6;0 is the value of the effective vertical stress when the vertical strain of the reference time line is zero (&, = 0). Further details can be found

in Zhu and Yin [44].
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Table 2 Calculation of Sy, m, and c, for sub-layer thickness of 0.5 m for OCR = 1

Mid O-,zi o, = ol; + Ad’. (kPa) O';p =0, (kPa) ¢ Ag, my(1/kPa) ¢, = M"#(mz/day)
sub-layer depth (m)  (kPa) e
0.25 1.2975 21.2975 1.2975 0 0.4748  0.01137 1.704E-03
0.75 3.8925 23.8925 3.8925 0 0.3120
1.25 6.4875 26.4875 6.4875 0 0.2428
1.75 9.0825 29.0825 9.0825 0 0.2012
2.25 11.6775  31.6775 11.6775 0 0.1727
2.75 14.2725  34.2725 14.2725 0 0.1517
3.25 16.8675  36.8675 16.8675 0 0.1355
35 18.1650  38.1650 18.1650 0 0.1287
B =
0
Total strain 0.2274
(8 + AE,):
Settlement S (m)  0.9097

Table 3 Summary of Sy, m, and c, for different numbers of sub-layers for OCR = 1

Number of sub-layers Vertical strain ¢, after loading m,(1/kPa) ¢y = %(mzlday) Sy = ¢, x H (m) Sy from integration (m)
1 0.1858 0.0093 2.086E-03 0.743 0.928
2 0.2077 0.0104 1.866E-03 0.831 0.928
4 0.2202 0.0110 1.760E-03 0.881 0.928
8 0.2274 0.0114 1.704E-03 0.910 0.928

using o = 0.8 and § = 0 (denoted B Method 1), f = 0.3
(denoted B Method 2), and § = 1(denoted B Method 3). B
Method 1 using « = 0.8 and ff =0 is in fact the method
published by Yin and Feng [35]. The calculated curves of
settlements with log(time) from the simplified Hypothesis
B method are shown in Fig. 5a for time up to 100 years. At
the same time, Hypothesis A method and two fully coupled
finite element models are used to calculate the curves of
settlements with log(time), which are also shown in Fig. 5a
for comparison. It is seen from Fig. 5a that, when o = 0.8
and f = 0.3 m, B Method 2 gives curves much closer to
the curves from the two finite element models of “Consol”
by Zhu and Yin [42, 44] and Plaxis software (2D 2015
version). Values of parameters used in Consol software are
listed in Table 1b and those of Plaxis in Table lc. As
shown in Fig. 5a, again, Hypothesis A method underesti-
mates the total settlement for the time period.

(b) Over-consolidated HKMC layer with H = 4 m and

OCR =15

Equation (8d) from integration is used to calculate the
final “primary” settlement Sy ;_4. Values of all parameters

are listed in Table 1. Values of all stresses are 0/1170 =
0, olzLH =20.76 kPa, 0,0 "= 0, a/zp’H —31.14 kPa 0’14’0

@ Springer

=20, 0, =40.76 kPa. Sy|_y4 is:

0.0913 4
3.6561n(10) | (31.14 — 0)

!

In(31.1446,.,) — 3114+ 0., )—

[(3114 + Gunill)

Sr1-a =

4

((0+ Gy In(0 + 01) — (0 + Tiy))] — (2076 - 0)

’

[(20.76 + 6,31 In(20.76 + 7,,;)
- (20-76 + O-imitl) - ((O + O-/unitl) ln(O + O-;nitl)

— 0+ o))+
1.4624 4
3.651n(10) | (40.76 — 20)

In(40.76 + 0,,,,) — (40.76 + 6,,11r) —
((20 + O-lmitz) 111(20 + aimilZ) - (20 + o-;mitZ))]

[(40.76 + 6,1

4 ' '
— m [(3114 + o—unitZ) 1[1(3114 + 6unil2)
— (3114 + 0,50) — (0 + 0i2) In(0 + 7,50
~(0+ Gi))]}
Using above equation with o;mm = O',umtz = 0.01 kPa,
we find S;1_4 = 0.681 m; if 7, = 0y = 0.1 kPa,
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Fig. 5 Comparison of curves of settlements with log(time) from the simplified Hypothesis B method, Hypothesis A method, and two fully
coupled finite element modellings —a # =4 m and OCR =1 and b # =4 m and OCR = 1.5

Sp1a= 0669 m; if ¢ i = 0.5kPa, Sp; 4=
0.635 m; if 0, = 0, = | kPa, S1_4 = 0.604 m. This

means that the final “primary” settlement Sy ;_4 is sensitive

!
unitl — unit

/

to the value of ¢,,,, and o

!

iz~ In this example, we select

Oumit1 = Ouma = 0-1 kPa so that the final “primary” set-
tlement Sy ;_4 is 0.669 m. The calculation of average m,

and ¢, is below:

A8171_4 = Sf}1_4 = 0669/4 =0.167

my = Aé.1_4/Ad,,_, = 0.167/20 = 0.00837 (1/kPa)

¢, = k/(y,m,) = 1.9 x 107*/(9.81 x 0.00837)
=2.316 x 107 (m*/day) = 0.845 (m*/year)

This 4-m-thick layer can be divided into small sub-
layers. The stresses and values of soil parameters in each
sub-layer are assumed be constant. In this case, simple
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Table 4 Calculation of Sy, m, and c, for sub-layer thickness of 0.5 m for OCR = 1.5

Mid sub-layer depth (m) O-/zi o, =0, + Ad. a’zp =a, &p Ae, m,(1/ ¢ = M"—;,‘L(mz/day)
(kPa)  (kPa) (kPa) kPa) o
0.25 1.2975 21.2975 1.94625 0.004141 0.4084 0.00808  2.399E-03
0.75 3.8925 23.8925 5.83875 0.004312 0.2429
1.25 6.4875 26.4875 9.73125 0.004348 0.1731
1.75 9.0825 29.0825 13.62375 0.004364 0.1313
2.25 11.6775 31.6775 17.51625 0.004373 0.1026
2.75 14.2725 34.2725 21.40875 0.004378 0.0816
3.25 16.8675 36.8675 25.30125 0.004382 0.0653
3.75 19.4625 39.4625 29.19375 0.004385 0.0523
Ty = Ag, = 0.1572
0.004335
Total strain 0.1615
(8p + AE,) :
Settlement Sy (m): 0.6461
Table 5 Summary of Sy, m, and c, for different numbers of sub-layers for OCR = 1.5
Number sub-layers Vertical strain ¢, after loading m, ¢y = %(mz/day) Sp=¢ xXH Sy from integration (m)
(1/kPa) e (m)
1 0.1207 0.006036 3.210E-03 0.483 0.669
2 0.1432 0.007158 2.707E-03 0.573 0.669
4 0.1562 0.00781 2.481E-03 0.625 0.669
8 0.1615 0.008076 2.399E-03 0.646 0.669

equations in (6b) can be used to calculate that the final
“primary” settlement Sy ;_4 in each sub-layer. This layer of
4 m can divided into 2, 4, or 8 sub-layers with thickness of
2m, 1 m, and 0.5 m, respectively. The final “primary”
settlement Sy ;_4 calculated is 0.487 m, 0.573 m, 0.625 m,
and 0.646 m sub-layers with thickness of 4 m, 2 m, 1 m,
and 0.5 m, respectively. Values of Sy, m, and c, for sub-
layer thickness of 0.5 m for OCR = 1.5 are listed in
Table 4. The meanings of &, &, Aé,, Az, and (g, + Az;)
are the same as those in Table 2. Summary of values of S,
m, and ¢, for different number of sub-layers for OCR = 1.5
is listed in Table 5 including Sy obtained by more accurate
integration method. It can be seen that the relative error of

Sy with  sub-layer thickness of 0.5m is only
06690646 5 100% = 3.4%.

The simplified Hypothesis B method in (1) together with
other equations on relevant parameters is used to calculate
the total settlement S5 using « = 0.8 and § = 0 (denoted
B Method 1), f = 0.3 (denoted B Method 2) and =1
(denoted B Method 3) for OCR = 1.5. The calculated
curves of settlements with log(time) from the simplified
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Hypothesis B method are shown in Fig. 5b for time up to
100 years. At the same time, Hypothesis A method and two
fully coupled finite element models are used to calculate
the curves of settlements with log(time), which are also
shown in Fig. 5b for comparison. It is seen from Fig. 5b
that when o = 0.8 and § = 0.3 m, B Method 2 gives curves
much closer to the curves from the two finite element
models of “Consol” by Zhu and Yin [42, 43, 44] and Plaxis
software (2D 2015 version). Again, Hypothesis A method
underestimates the total settlement.

4 Consolidation settlements of layered soils
with vertical drains under staged loading-
unloading-reloading from general simple
method and fully coupled consolidation
analysis

4.1 Description of soil conditions

In this section, easy use and accuracy of the general simple
method are demonstrated through calculation of



Acta Geotechnica

0 -
.. Sondex anchors
~ UM 1
5 1 + PP60 x5 t
Depth z z=3m® . 6.22 m
Y + PP43 y i Upper marine clay l
=10 - = 6mx 5
Q PP42 }
S + PP41 Upper alluvium 5.8m
l
[ * PP40 x 6 T
) z=14.5m) 7 .
w 0 * PP35 Lower marine clay 5.82m
© ppag . 8 }
* PP37 I
-25 .
. PP36 Lower alluvium 233m
-30 l
v
Depth z

Fig. 6 Soil profile and settlement monitoring points of a test embankment at Chek Lap Kok for Hong Kong International Airport project in 1980s

consolidation settlements of a multiple-layered soil under
multi-staged loadings with comparison with values from
fully coupled FE simulations. The soil profile is modified
from a real case in Hong Kong [18, 49] as shown in Figs. 6
and 7. This section only studies the first two layers, namely

upper marine clay of 6.22 m thick and upper alluvium of
5.80 m thick. To make the consolidation analysis more
accurate and to record accumulated settlement at different
depths, the upper marine clay layer is divided into two
layers by Sondex anchor 3, forming a total of three layers
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Fig. 7 Soil profile including a vertical drain and a smear zone of a test embankment at Chek Lap Kok for Hong Kong International Airport

project in 1980s
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of soils. Properties of upper marine clay and upper allu-
vium can be found in Table 6.

Prefabricated vertical drains (PVDs) with a spacing of
1.5 m in triangular pattern were inserted in the soils. The
radius of influence zone of each PVD was r, = 0.525d =
0.7875m for triangular pattern. The width of PVD was
b =100 mm, thickness was ¢=7 mm, and equivalent
radius is calculated as ry = (b+1)/4 +1/10 = 27.45 mm
[40]. The installation of PVDs normally causes a smear
zone around the vertical drains as shown in Fig. 7. We
assume that  radius of  this smear  zone
r¢ = Sry = 137.25 mm, in which the soils were disturbed
and the horizontal permeability k., became k, with values
listed in Table 6. Other properties such as OCR and com-
pression indices of the smear zone remain the same as the
undisturbed region.

There are four stages of loadings to be applied on top of
the soils, including two stages of loading, one stage of
unloading and the final stage of reloading. The magnitude
of vertical load (pi,p2,p3,p4), construction time
(tc1,te2, 103, te4) and loading stage duration (t1, #p,13,4) are
shown in Fig. 8a. This type of staged loading is very close
to the real case of reclamation process from loading (filling
to a designed level), increasing loading (surcharging fill),
unloading by removing part of surcharging fill, and
reloading again due to construction of superstructures on
reclaimed land. The final stage of loading (superstructures)
may last for 50 years (18,250 days) after completion of
reclamation construction. To validate the general simpli-
fied Hypothesis B method, a fully coupled finite element
(FE) analysis is conducted in Plaxis 2D (2015) for this
case. A soft soil creep (SSC) model [30], which is mostly
similar to the 3D EVP model by Yin and Graham [39], is
adopted as the constitutive model for the two clayey soils
in Fig. 7. The parameters used in the FE model for the two

Cr log O—gl + O—/unitl hnv
1 +e, 0t Oynint

calculated by the FE model during the whole consolidation
process.

4.2 Consolidation settlement calculation
by general simple method under staged
loadings

This section shows details with steps how to use the gen-
eral simple method to calculate consolidation settlements
of Case 2 under staged loading—unloading-reloading. The
total consolidation settlements are summation of “pri-
mary” consolidation settlement and creep settlements in
Eq. (1). For four stages of loading, details of calculations
are presented below.

4.3 Stage 1

As shown in Fig. 8a, for Stage 1 under p; = 52kPa, the
stress—strain state will move from point i (o’lzi7 &) to point 1
(0,1,1) as in Fig. 8b. The calculation method of S; is
similar to the case of load increment from point 1 to 2 or
point 1 to 4 in Fig. 3. Due to the nonlinear strain—stress
relationship of soils and non-uniform stress distribution,
each j-layer (j = 1, 2, 3 for 3 layers) is divided into several
sub-layers (say N sub-layers) with a thickness of £, (0.5 m
or less) to calculate Sy and m,. Within each sub-layer,
initial effective stress a’zi can be considered as constant.
The final vertical effective stress at Stage 1 is calculated as
J;I = a;i + p, for each sub-layer. The settlement for each
Jj-layer will be the superposition of settlements of all sub-
layers (n = 1...N). Therefore, Sg; and m,;; for j-layer with
thickness H; in Stage 1 (sub-index ““;” for Stage 1; later
“y’, %37, “4” for Stages 2, 3, and 4) are calculated in the
following equations:

if o, < (0, + POP)

n=N
= Z; C, log o, —I—/POP /—i— Tt | C. o[ 0.+ O . (19a)
"~ I+e Oz T Ouni I+e, 0y + POP + 09
if o, > (d,, + POP)
soils are the same as those in Table 6. Accumulated set- &1 —&i S
tlements at settlement monitoring points 1, 3 and 5 (depths "™l = n = ijl (19b)
of 0 m, 3 m, and 6 m, respectively) are calculated using o o
the general simple method and the FE model and are where n is index for sub-layers within j-layer

plotted with total elapsed time. Excess pore pressures at the
centre of each layer and at the middle between r; and r, are

@ Springer

(n=1...N), h, is thickness of a sub-layer (h, <0.5m),
POP in Table 6 is called pre-over-consolidation pressure
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Table 6 Parameters of soils and vertical drains for HKIA Chek Lap Kok Test Embankment

Main layer Upper marine clay Upper alluvium Lower marine clay 1 Lower marine clay 2 Lower alluvium

Case 2 and Case 3 layers 3 layers used in Case 2 (j = 1,2,3) 8 layers used in Case 3 (3 layers in Case 2 j = 1,2,3) + (5 layers here
Jj=45,618)

Layer 1 2 3 4 5 6 7 8

Hj (m) 3.01 321 5.8 2.47 2.63 0.72 4.165 4.165

POP (kPa) 17 350 150 150 200

7 (KN/m®) 14.22 19.13 18.15 18.15 19.72

V=1+e, 3.65 2.06 2.325 2.325 2.06

K 0.0396 0.0224 0.0353 0.0353 0.0020

A 0.5081 0.1339 0.3030 0.3030 0.0087

v 0.0078 0.0035 0.0061 0.0061 0.0000

C. =¢C, 0.0913 0.0515 0.0814 0.0814 0.0046

C. 1.1699 0.3083 0.6977 0.6977 0.0200

Cie 0.0180 0.0080 0.0140 0.0140 0.0000

t, (year) 0.0027 0.0027 0.0027 0.0027 0.0027

k, (m/yr) 0.03469 0.09461 0.00394 0.00394 0.1577

k. = ky (m/yr) 0.06307 0.18922 0.00978 0.00978 0.3155

Drain spacing S (m) 1.5 1.5 1.5 No drain No drain

Drain pattern Triangular Triangular Triangular No drain No drain

rg = r, (m) 0.0275 0.0275 0.0275 No drain No drain

rs/ra 5 5 5 No drain No drain

ky /ks 1.82 2.00 2.48 No drain No drain

(after [49] and POP = alzp — G;i- Equation (19) is valid for
the final state (a;l,szl) in either over-consolidation (OC)
state or normal consolidation (NC) state.

Values of Sy and m,,; for three layers (H;,j = 1,2,3)
under Stage 1 are calculated using Eq. (19) and listed in
Table 7. After this, a Microsoft Excel spreadsheet with
macros based on a spectral method developed by Walker
and Indraratna [26] is used to calculate the average excess
porewater pressure #,; for j-layer using known values of k,,
k., and k, in Table 6 and the calculated m,;; in Table 7. The
average degree of consolidation Uj; for j-layer for Stage 1
is then calculated using Eq. (10b). Using calculated values
of Uj; and Sji, the “primary” consolidation settlement
Sprimary1 10 Stage 1 is calculated as:

3 3
Sprimary = Z Sprimary,j = Z Ui Sg1 (20)
j=1 j=1

To calculate creep settlement Screep; during Stage 1, the
equivalent time in Yin and Graham’s 1D EVP model
should be determined according to the final stress—strain
state (a/zl,szl) for each sub-layer. If the soil is in normal
consolidation state (i.e. o’zl > (alzi + POP)), equivalent time
t.1 at the “final” effective stress o’zl in Stage 1 is zero. If

the soil is in OC state (i.e. 0, <(0; + POP)), .1 should be
calculated as:

Ce

! T Coe
ty =t, x 100 5o <@> —t, (21)

Oy

where &, = &, + S;1/H; is the “final” strain without
creep at Stage 1. In fact, Eq. (21) is also valid for NC state.
The value of ¢, is calculated for each sub-layer h,.
Therefore, Screepfil> Screepdjls Screepji and total settlement
Stotaigj1 for each j-layer, no matter the “final” stress—strain
point is in OC or NC state, can be calculated using the
following equations:

n=N
Coe ey +1
S = h, for t, <t <t 22
il = ) T g, 08 g, mr b Si<n (2)
n=1
n=N
Coze tel +t
S dil = 10g
e ; L+e, *tor+ tEOPfield (22b)
for tgop fiels <t <t
Screepjl = aUﬁScreep.fjl + (1 - a[]jﬂl)screep‘djl (220)

Stolalle = Ujlsfjl + [aUﬁScreep.fjl + (1 - OCU]"[;)Screep.djl}
(ZZd)
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Table 7 Values of S; and m,; for three soil layers under four stages calculated using the general simple method

Stage No., S;; or m,; Layer 1 G=1) Layer 2 (j =2) Layer 3 (j = 3)
1: S5 (m) 0.4291 0.3035 0.0415

2: Spp (m) 0.4157 0.3796 0.0409

3: Sp3 (m) — 0.0428 — 0.0380 — 0.0509

4: Sp4 (m) 0.02989 0.02573 0.03296

1: my;; (1/kPa) 0.0027415 0.0018185 0.0001375
2: myp (1/kPa) 0.0013810 0.0011825 0.0000704
3: my3 (1/kPa) 0.0001227 0.0001022 0.0000756
4: myj4 (1/kPa) 0.0001342 0.0001083 0.0000768

In this case, Eq. (22d) is used to calculate Sioaip;1 for j-
layer in Stage 1 with « = 0.8 and § = 0.3. Using Eq. (1),
the total settlement Siyyp; of 3 layers in Stage 1 is

=3
StotalB1 = Stotalle
J=1
=3
= Ujlsfjl + {O‘Ujﬁscreep.fjl + (1 - O‘Uj/}])Screep,djl}
J=1
(22¢)
4.4 Stage 2

For Stage 2 with p, = 100kPa, the final vertical effective
stress 0;2 is 0;2 = a;] +p, = O'/Zi +p, +p, asin Fig. 8b at
point 2 (0.5, ,). The calculation of Sj; is dependent on the

soil stress—strain state before and after loading increment as
below:

strain without creep strain at Stage 2. Values of Sy, and m,,
for three layers (H;,j = 1,2,3) under Stage 2 are listed in
Table 7. In this stage, average degree of consolidation for
each layer U;; under p; and Up under p, should be cal-
culated independently using Walker and Indraratna [26]’s
spectral method. For Uj;, the staged-consolidation time at
Stage 2 should be from #; to (#; + 72). For U, the staged-
consolidation time at Stage 2 should be from 0 to #,. Total
Sprimary Should include the settlements produced by p; and
p> with total time below:

3 3
Sprimary = ZSprimary.j = Z (l]jlsﬂl + leZSﬂZ)
J=1

J=1

(24)

Screepj2 Only includes the creep settlement at the current
loading stage under p, (i.e. t,<t<ty for Screeps and
TEOP field <? <13 TOT Screep ). To calculate Seyeep2, the actual
stress—strain state at Stage 2 and its corresponding equiv-
alent time 7., should be determined. First of all, the final
creep strain &; creep; Shown in Fig. 8b and accumulated total

C, o, + o/uni o ' /
log | —2——" | by, if 5., <0, <(c, + POP)
L+e, 02 + Ounitl : ” h
C, Gl,i + POP + ‘T;mm C. a’,z + a/unitZ
=N ]Og = ’ g + og 7 = 7 ny
Sﬁ'z = Z 1+ €o O—zl + O unitl 1+ €o O_zi + POP + O unit2 (233)
= if o, <(o_; + POP) <0,
CC 0-/7 + aimi . / / /
log [ 22— |, if (6, +POP)<g¢, <0,
I+e 01 t O ¢ ‘ ¢
strain &;1.,¢ at the end of Stage 1 (point 1”) should be
L — S calculated by the following equations:
myy =2 = O (23b)
' 2 Hip,

where ¢, = &,1 + Sj/H; is the final accumulated vertical
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S i1l
Ez,creepl — %_() (25&)
J

Elend = &1 + &z creepl (25b)

The new apparent pre-consolidation pressure alzpl and
the corresponding strain ¢, at the end of Stage 1 shown in
Fig. 8b due to previous creep (or ageing) should be cal-
culated by solving the following two equations:

Cr ,zpl + O-:mlll
e =¢8 + 26a
! lend 1+ o JZl + Gumtl ( )
C. [ oo
3ZP1 _ Szp + c o pl unit2 (26b)
1+ €o 6 + J1,1n1l2

From Eqs (26a, 26b), the apparent pre-consolidation
pressure a »1 can be solved as:
, ’ CLC,
o (Gzp + 6unit2> « 10(851""‘1783”)(*]::4‘8} /

= — 0. .

zpl i , Cr unitl
Te—C

(Gzl + aunill) o

[

(26¢)

where @, ., is assumed to be equal to ¢, here. If azpl

is known, €, Can be calculated using Eq. (26a) or (26b).
With p, applied, if (07, + p2) = 0., > 0., (i.e. the soil is in
NC state at point 2Nc) as in Fig. 8b, the equivalent time

t,» = 0. Otherwise, a <o, ., as the case of point 2p¢ in

pl?
OC state as shown in Fig. 8b or (0;2, &7) in OC state, 7,; at
o, should be calculated as:or (d,,, ) in OC state

Ce

'\ e
tey = 1, x 1002 % )ag <afz> —t, (27)

.

where &5 = &;1end + 175 H loga,—“""‘ is the vertical strain
at point 2pc in OC state, before cre”'é':‘f) at the beginning of
Stage 2 loading. The value of ¢, is calculated for each sub-
layer with thickness h, for the point in either NC state or
OC state. Therefore, Screepi2 and Screep.qj2 for each j-layer

can be calculated using the following equations:

S Ji/ Ce logtngr hy fort,<t<t,  (28a)
T 2 — 7 o 2
creep.fj £ 1 Te, to + 1, n
n=N
Coce ter +1
S n = lo .
ceep ; T+e, Sl + tmoren (28b)

for tgopfied <t <1

However, since Screepjz 18 calculated from the current
stress—strain state under (p; + p») loading, U; in Eq. (22¢)
should be replaced by the accumulated average degree of
consolidation Upyij» for multi-stages of loadings, which is
calculated by:

@ Springer

(Upp1 + Uppa)

29
o1t 2 (29)

Unui o =

Finally, the total consolidation settlements for j-layer
and for all three layers in the period of Stage 2 are calcu-
lated by:

Stota1z = Unuti 2852

+ |:OCU|/1{1ulti.j2SCreePﬁ2 + (1 Ur/:lultl Jz)Screep,dﬂ}
(30a)
StotalB2

j=3 j=3
= E Stotal2 = E Unuti 2552
= =

+ I:aUgmlti,/‘zScreep,ij + (1 “UmultljZ) ScreepA,de:|

(30b)

4.5 Stage 3

For Stage 3 of unloading p3 = —116kPa, Sg3, m,;3 and U3
are calculated using the same procedures as Stages 1 and 2.
It should be noted that, for this unloading stage, Sg3 is
simply calculated by:

n=N
c, +
S =D 7. loe < )h (31)
n=1 0

"2 to umtl

where 0;2 = a/zi + p1 + p2, 0;3 = G’Z,» + p1 + p2 +p3, and
0;3 < a;z. As shown in Fig. 8b, point 3p¢ must be in an OC
state, but point 3p¢c may be reached from the end of creep
at point 2yc. However, point 2 could be at point 2p¢ in an
OC state. If this case, Eq. (31) can still be used. Under
unloading condition, as both S53 and p3 are negative, m,3 is
still positive, and therefore, the spectral method can be
normally used to compute the degree of consolidation. The
calculation of Sprimary,; should contain the settlements pro-
duced in the previous stages during the current stage period
in the following equation:

Sprimary,; = UjiSg1 + UpSp + Up S (32)

where Uj;, Uj and Uy are the average degree of consoli-
dation under (i)p; from (f; + ;) to (t) + 1 + 13), (i) p2
from 1, to (, + t3), (ii) p3 from O to #3, respectively. Cal-
culation of Screep;3 follows similar procedures as in Stage 2,
not be elaborated here. Upuyijz for calculating creep set-
tlement should be calculated as:

(Unp1 + Uppz + Upps)
p1+p2+p3

Unmuijz = (33)
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Fig. 9 Calculated curves of Upyyi,; and total loading time in logarithmic scale for each j-layer under multi-staged four loadings

4.6 Stage 4

For Stage 4 with ps = 74kPa, similar procedures as those
for Stages 1 and 2 are used for calculations of Sy, U4 and
Screepjs- But Sprimary,j and Unuiij4 should be calculated as:

Sprimaryj = UjtSp1 + UpSpo + UpSgs + UjaSpu (34)

(Up1 + Uppr + Upps + Ujaps)
D1 +p2+p3+ps

Unutiija = (35)

Ti d
100 ime (day)

where U;;,Uj, Up, and Uy is the average degree of con-
solidation under (i)p; from (f+15+13)to (1 +10
+13+ 1), (i) py from (r, +13) to (ta + 13 + t4), (iil) p3
from #; to (f3 + t4), and (iv) p4 from O to #4.

The values of Sy and m,; for Stages 1 to 4 are listed in
Tables 7. Using the spectral method and Egs. (10b), (24),
(26) and (28) the average degree of consolidation degree
Umulij for each layer during four stages is calculated and
plotted with time in Fig. 9.

1 10000
0.0 .
0.5
WU U U oo
= 1.0 1
g
3
B
»n L5 1
O O O OOOCCCONCEITHINIMD
o Point 1 (Simplified B method) Point 1 (Plaxis)
2.0 1 O Point 3 (Simplified B method) ~  ------- Point 3 (Plaxis)
A Point 5 (Simplified B method) - -~ Point 5 (Plaxis)

Fig. 10 Comparison of settlements with accumulated total loading time in logarithmic scale at three settlement monitoring points atz = 0 m, 3 m
and 6 m from the simplified Hypothesis B method and fully coupled finite element modelling
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Fig. 11 Comparison of excess porewater pressure with log(total loading time) for three layers from the general simplified Hypothesis B method

and fully coupled finite element modelling

4.7 Comparisons of results from the general
simple method and fully coupled FE analysis

Figure 10 shows the computed settlements at three mea-
surement points (0, 3 and 6 m) by both simplified
Hypothesis B method and FE analysis. It can be found that
the settlements at three different depths are close to those
computed by FE analysis under four stages of loading,
unloading and reloading. The settlements in 50 years in
stage 4 are very small. This is because the soils are in over-
consolidation state in stage 4 due to the surcharge in stage
2. The results demonstrated that surcharge loading before
construction will significantly reduce long-term post-con-
struction settlements.

u; Figure 11 shows the average excess porewater pres-
sure at the centre of each soil layer, compared with the
computed excess porewater pressure at the above-men-
tioned measurement points in the FE model. It is found that
excess porewater pressure computed by the spectral
method adopted in the general simple method fit well with
the one simulated by FE model. In conclusion, the pro-
posed simplified Hypothesis B method is close to fully
coupled FE analysis for the case with multiple layered soils
under multi-staged loading conditions.
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5 Consolidation settlements of test
embankment on layered soils with vertical
drains under staged loading from general
simple method, fully coupled
consolidation analyses and measurement

5.1 General descriptions of the test
embankment

In this section, Test Embankment at Chek Lap Kok for
Hong Kong International Airport (HKIA) project in 1980s
is used as an example to demonstrate the validity of the
new general simple method. Consolidation settlements of
this HKIA Chek Lap Kok Test Embankment are calculated
using the new general simplified Hypothesis B method and
are compared with measured data and values from the
simplified finite element (FE) method reported by Zhu
et al. [49]. Details of the site conditions, properties of soils,
parameters of vertical drains, construction process,
parameters used in the FE model can be found in Kout-
softas et al. [18] and Zhu et al. [49]. The calculations of
Sﬁ,Aalz, Ag,, m,; and c,; for each layer under three stages
are listed in Table 8.

Figure 6 shows soil profile and settlement monitoring
points of Chek Lap Kok Test Embankment [13, 18]. Ele-
vation in mPD (meter in Principal Datum), depth
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Table 8 Calculated values of parameters of j-layers for HKIA Chek Lap Kok Test Embankment

Stage Layer H;
1 2 3 4 5 6 7 8

Sj (m) 1 0.4291 0.3035 0.0415 0.0160 0.0143 0.0035 0.0011 0.0009
Sy (m) 2 0.4157 0.3796 0.0409 0.0214 0.0204 0.0052 0.0015 0.0013
S(m) 3 0.2123 0.2101 0.0255 0.1128 0.1113 0.0290 0.0031 0.0028
Ac’, (kPa) 1 52 52 52 52 52 52 52 52
A, (kPa) 2 100 100 100 100 100 100 100 100
Ad’, (kPa) 3 105 105 105 105 105 105 105 105
Ae, 1 0.1426 0.0946 0.0072 0.0065 0.0054 0.0049 0.0003 0.0002
Ae, 2 0.1381 0.1182 0.0070 0.0087 0.0078 0.0072 0.0004 0.0003
Ae, 3 0.0705 0.0654 0.0044 0.0456 0.0423 0.0403 0.0008 0.0007

m, 1 2741 1.818 1.375 1.245 1.043 9.386 5.182 4.202
(1/kPa) x1073 x1073 x107* x1074 x107* x107° x107° %1076

m, 2 1.381 1.182 7.045 8.683 7.765 7.242 3.170 3.178
(1/kPa) x1073 x1073 x107° x107° x107° x1073 %1076 %1076

m, 3 6.716 6.233 4.187 4.348 4.031 3.840 7.165 6.431
(1/kPa) x1074 x1074 X107 x1074 x1074 x1074 x107° %1076
¢y (m2/yr) 1 1.27 1.91 68.78 3.17 3.78 4.20 3042.97 3752.62
¢ (m2/yr) 2 2.51 2.93 134.30 4.54 5.08 5.44 4250.04 4962.32
¢y (m/yr) 3 5.17 5.57 225.95 0.91 0.98 1.03 2200.71 2451.95
¢, (m*/yr) 1 2.30 3.47 137.56 7.85 9.37 10.42 6085.94 7505.24
¢, (m2/yr) 2 457 5.33 268.60 11.26 12.59 13.50 8500.09 9924.63
¢, (m?/yr) 3 9.39 10.12 45191 2.25 2.43 2.55 4401.41 4903.91

coordinate, thickness values of four major layers, 8 set-
tlement monitoring points by Sondex anchors, and 9 pore
water pressure measurement points are all shown in Fig. 6.
In this section, only 4 points at depths 0 m, 3 m, 6 m and
14.5 m are selected to calculate settlements for comparison
with measured data.

Figure 7 shows soil profile and vertical drain with smear
zone. It is noted that the vertical drain penetrated only
5.1 m into “lower marine clay”. Therefore, “lower marine
clay” is divided into two layers: “lower marine clay 1”
with thickness of 5.1 m and “lower marine clay 2” with
thickness of 0.72 m in order to calculate the average degree
of consolidation of each layer better.

Values of parameters of soils and vertical drains for
HKIA Chek Lap Kok Test Embankment are listed in
Table 6. For more accurate calculation of settlements and
the average degree of consolidation, as well as convenient
calculation at settlement monitoring points, “upper marine
clay” is divided into two main layers of
H; = 3.01 m and 3.21 m, “lower marine clay 1” is divided
into H; = 2.47 m and 2.63 m, “lower alluvium” is divided

into two layers with H; = 4.165 m each. There are a total
of 8 layers (j = 1...8).

Figure 12 shows construction time (f.1 f., Or t:3),
loading stage times (71, t>, or #3), and stage vertical pres-
sures (p1, p2, or p3) for each of three staged loadings. It
should be noted that in situ monitoring of settlements by
Sondex anchors was started 65 days after the construction
began. The in situ settlement data from 65 to 909th day of
total construction time were recorded and used for com-
parisons in this study.

5.2 Comparisons of results from the general
simple method, fully coupled FE analyses,
and measurement

In the general simplified Hypothesis B method, calcula-
tions of Sg, m,, U; and Screep; for each j-layer under three
loading stages are completed in a Microsoft Excel
spreadsheet in the same way as that in Sect. 4. In this case,
o = 0.8 and f = 0.3 are used, which is also the same as in
previous sections.
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The total consolidation settlements S,z at depths of
0 m, 3 m, 6 m and 14.5 m are calculated using the general
simplified Hypothesis B method for three stages of loading.
Comparison of curves of settlements with accumulated
time at depths of O m, 3 m, 6 m and 14.5 m from the
general simplified Hypothesis B method, fully coupled
finite element modelling and measurement is shown in
Fig. 13. It is found that the values from the general sim-
plified Hypothesis B method are in good agreement with
measured data and values from fully coupled finite element
modelling [49] using a 1-D elastic viscoplastic (1-D EVP)
model [36, 37].

6 Summary and Conclusions

A new general simplified Hypothesis B method, also called
general simple method, is proposed and verified for cal-
culating consolidation settlements of layered clayey soils
exhibiting creep without or with vertical drains under
complicated staged loadings. This method is a new un-
coupled method compared with fully coupled consolidation
methods. Equations of this general simple method incor-
porating a new logarithmic stress function which avoids
singularity problem are rigorously derived. Excess pore
water pressure in “primary consolidation” is calculated by
using a spectral method implemented in a Microsoft Excel
spreadsheet. Two parameters, namely o and f, are intro-
duced in this method. All other parameters in this method
are convectional parameters, which can be easily deter-
mined from multi-staged oedometer tests. It is worthy to
note that the two creep parameters C,, and ¢, are deter-
mined from a creep test under a vertical effective stress in a
normal consolidation (NC) state. But, using the “equiva-
lent time” (z,) concept and theory of Yin and Graham
[36, 37], the creep function using C,, and 7, as well ¢, can
be used to calculate creep settlements in OC state and also
in unloading/reloading states. Verification studies are car-
ried out by comparing calculated values of settlements by
this general simple method with values from fully coupled
finite element analysis for Cases 1 and 2 as well as in situ
measured data for Case 3. Based on these works, following
conclusions can be made.

(a) From the case study of a single soil layer with
OCR =1 or 1.5 under instantaneous vertical loading,
calculated settlements by using the new general
simple method agree well with values from fully
coupled finite element (FE) analyses by Plaxis and
Consol. Selection of o = 0.8 and = 0.3 is found to
have the best performance compared to other selec-
tions. It is also clearly revealed that Hypothesis A
method underestimates the total settlements.

(b) From the case study for double layered soils under
multi-staged loading—unloading-reloading, consoli-
dation settlements in either short-term or long-term
period are very close to values from an FE analysis.
It can be concluded that the proposed general
simplified Hypothesis B method has a stable perfor-
mance and good accuracy for layered soils under
complicated staged loading schemes.

(c) The general simple method is applied to calculate
consolidation settlements in a real case in HKIA
Chek Lap Kok Test Embankment with multi-layered
soils and vertical drains under multi-staged loading.
Calculated settlements by this new simple method
are in good agreement with insitu measured data and
also values from an FE analysis.

(d) Based on the above comparisons and validations, it is
found that the new general simple method is accurate
and easy to use for calculating consolidation settle-
ments of single or layered soils with and without
vertical drains under multi-staged loading, unloading
and reloading using parameters from conventional
oedometer tests.
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Elastic visco-plastic modelling of one-dimensional consolidation

J.-H. YIN* and J. GRAHAM{

This paper incorporates an elastic visco-plastic
(EVP) constitutive model into the consolidation
equation to calculate settlements and excess
pore water pressures in clays under multi-stage
constant vertical loads in one-dimensional ver-
tical straining. A finite difference method is
used to solve the resulting non-linear differential

consolidation equation. Results from the model -

are compared with test data and results from
other models. The EVP model is also used to
simulate consolidation in different thicknesses of
clay to investigate the influence of the thickness
on total settlements, dissipation of pore water
pressures, strains and stresses. Consolidation
analysis using the model can describe phenom-
ena caused by the viscous nature of clays: excess
pore water pressures can become larger than
their initial values immediately after loading,
effective stresses in the clay may become smaller
than their initial values, and the relationship
between strains and effective stresses at the end
of primary consclidation is not unique, but
depends on the thickness of the clay layer.

KEYWORDS: clays; consolidation; constitutive rela-
tions; settlement; time dependence.

Un modéle de comportement élastique—yiscoplas-
tique (EPV) est injecté dans 1'équation de
consolidation afin de calculer les tassements et
les excés de pression interstitielle dans des
argiles soumises 2 des incréments de charge-
ments verticaux, constants, associés A une
déformation verticale unidimensionnelle, La
méthode des différences finies est utilisée pour
résoudre 1’équation dlfferentlelle, non linéaire.
Les résultats, obtenus & 1'aide de ce modile,
sont comparés & des résultats expérimentaux et
a4 des résultats issus d’autres modéles. Le.
modéle EPV est aussi utilisé pour simuler la
consolidation de différentes épaisseurs d’argiles
afin de déterminer Pinfluence de I’épaisseur sur
les tassements totaux, la dissipation des excés
de pression interstitielle, les contraintes et les
déformations. En utilisant ce modéle, on peut
décrire les phénoménes dus a la viscosité des:
argiles: les pressions interstitielles  peuvent:
revenir a leurs valeurs initiales immédiatement.
aprés chargement, les contraintes effectives dans .
les argiles peuvent devenir inférieures & leurs
valeurs initiales et la relation, reliant contraintes.
effectives et déformations & la fin de Ia consoli-.
dation primaire, n’est pas unique mais dépend:
aussi de I’épaisseur de la couche d’argile,

INTRODUCTION .

One-dimensional (1-D) loading of clay soils
produces pore water pressures ini excess of the
original equilibrium water pressures. With increas-
ing time, water flows away from the highly stressed
zone, the excess pore water pressures decay towards
equlhbnum values, and the clay compresses.

It is commonly assumed that

(a) the soil is fully saturated

(&) the solid pamcies and water are mcompres-
sible

{0

compression and flow are one-dimensional
(vertical) - -
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strains are small ,
Darcy’s law is valid at all hydraulic gra-
dients

the hydraulic conductivity remains constant
throughout the process. gy

@
@)

0

Of these assumptions, (€) may be -questioned in
smectitic clays (Dixon, Sri Ranjan & Graham,
1992), and (f) may need to be modified in soft,
compressible clays. The assumptions and the
condition of continuity require that

k 8% _
v, 022

B¢,

ot O
where k is the coefficient of hydraulic conductivity,
¥w is the unit weight of water, u is the pore water
pressure, z is the vertical ce-ordinate axis, &, is the
vertical strain, and ¢ is time. The amount of the
resulting compression depends on how the clay
converts stress changes to strains. An analyst has
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the option of modelling this in many ways through
the introduction of a suitable constitutive model.

Terzaghi (1943) (from Terzaghi & Frohlich,
1936) assumed a unique linear relationship be-
tween void ratio e and vertical effective stress o:
that is independent of loading history and process.
The coefficient of volume compn:ssibility m, =
de./do: which describes the e-o: relationship, and
the consolidation coefficient ¢, = Km,y, which
defines the rate of consolidation, were assumed to
remain constant. Both assumptions can involve
significant approximations to real soil behaviour; in
particular, that straining will stop when excess pore
water pressures have reduced to zero,

To overcome .these limitations, two different
approaches (here called hypothesis A and hypo-
thesis B) are commonly employed. In hypothesis A
(Ladd, 1973; Ladd, Foott, Ishihara, Schlosser &
Poulos, 1977; Mesri & Godlewski, 1977; Mest &
Choi, 1985) primary consolidation strains asso-
ciated with transferring pore water pressures into
effective stresses are separated from secondary
consolidation strains arising from viscous deforma-
tions. Terzaghi's consolidation theory is used to
calculate the settlements at the end of primary
(EOP) consolidation, and a separate coefficient of
secondary consolidation C,, (or Cg,) is then used
to calculate the arbitrarily separated viscous
deformations.

One implication of hypothesis A is that the EOP
relationship between void ratio e and effective
stress 0 is-independent of the thickness of the soil
layer. This conflicts with laboratory data reported
by Berre & Iversen (1972) and with field data
reported by Kabbaj, Tavenas & Leroueil (1988)
which suggest that hypothesis A is not generally
valid,

Hypothesis B (Suklje, 1957; Barden, 1965,
1969; Bjerrum,’ 1967) assumes that creep occurs
during the whole consolidation process. This is
more consistent with the approach used in theo-
logy and visco-plastic theories in continuum mech-
anics. The key to the approach lies in producing a
reliable constitutive relationship for the time-
dependent stress-strain behaviour of clays. Tan
(1957), Gibson & Lo (1961), and Lo (1961)
developed linear rheological models using combi-
nations of linear elastic springs and linear dashpots
1o describe time-dependent stress-strain behaviour.
Barden (1965, 1969) and Berry & Poskitt (1972)
proposed non-linear rheological medels with linear
elastic springs and non-lincar dashpots for the
time-dependent behaviour of clays. Both models
have been uscd in calculations of 1-D consolida-
tion in which creep (or viscous) strains play a
significant role..

Bjerrum (1967) presented a conceptual model
that took a different approach but also conforms
with henathecis B He separated  stening into

‘instant’ and ‘delayed’ compressions, and used
‘time lines' to model the reduced creep rates that
come with increasing durations of loading. His
model permitted a better understanding of the
apparent preconsolidation pressures and overcon-

~ solidation ratios (OCRs) that result from ageing,

Garlanger (1972) developed this model into quan-
titative mathematical equations, and applied them
to calculate consolidation deformations, Later,
Magnan (1984), Leroueil, Kabbaj, Tavenas &
Bouchard (1985a) and Kabbaj, Oka, Leroueil &
Tavenas (1985) described a related stress—strain-
strain rate relationship and used it to model
consolidation during multi-stage loading. Similar
work has been reported by Leroueil, Magnan &
Tavenas (1985b), Magnan & Lepidas (1987) and

Imai (1989).

ELASTIC VISCO-PLASTIC MODELLING USING
EQUIVALENT TIME

The authors have developed this earlier work
into a general elastic visco-plastic (EVP) constitu-
tive model for 1-D straining (Yin ‘& Graham
19832, 1989b, 1994) which allows treatment of
relaxation and strain rate effects as well the more
customary load increments with creep. Although .
the EVP model appears at first sight to contain
ideas similar in some ways to those used by
Christie & Tonks (1985) and Magnan & Lepidas
(1989), it was developed independently and its
mathematical structure is different. The model
develops the idea of ‘equivalent time" which
allows modelling of creep strains in both the
overconsolidated and normally consolidated ranges
using a constant creep parameter 1, rather than the
more common parameter Cu. (or Cg.) which
vartes with both pressure and OCR.

The authors have recently shown how the madel
is calibrated (Yin & Graham, 1994) and how it can
be used to predict some unanticipated pore water
pressure -responses in soft clays: (Yin, Graham,
Clark & Gao, [994). The latter paper gave only an

. outline of how the EVP model can be incorporated

into the consolidation equation. The present
paper discusses implementation of the EVP model
in 1-D consolidation analysis, verification, and
simulation of consolidation in clays with differeat
thicknesses.

Since the EVP model has recently been
described in detail, only a broad outline is
presented here. In Fig. 1, strains along the instant
time line are* recoverable, and hence clastic
(Christic & Tonks, 1985). Other strains arc non-
recoverable, with stress-dependent and time-depen-
dent plastic components. Equivalent time /, is the
duration of straining at constant effective pressure

' from a reference time line (1. =0) to the
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current (g:, €., £) state, where €, is total vertical
strain. The reference time line can be chosen at the
diserction of the analyst, usually. from a loading
increment in the normally consolidated range of
behaviour (Yia & Graham, 1994). Time lincs are
then defined as lines in (o:, €.) space that have
cqual values of equivalent time ¢, but not
necessarily equal real time durations ¢ of loading.
They represent equal durations ¢ of loading when
specimens start from normally consolidated states.
When specimens are initially overconsolidated, the
loading durations for a given strain vary with OCR
and with the load increment. Time lines are also
lines of .constant creep strain rates £ when a
logarithmic function is used to fit observations of
creep behaviour.

The use of equivalent time allows the model to
be structured so that (gi, &, 1.) states (or (o}, €,
£.) states) are independent of stress path. (In creep,
total strain rate is equal to creep strain rate.) This
means that in Fig. 1, strain rates at point 1 are the
same whether the path followed in the test has
been (a) elastic straining from 3 to 1 followed by

creep straining from ¥ to 1, or {b) loading with

elastic straining to 2", creep straining from 2° to 2,
and then unloading from 2 to 1.

Experience suggests that some overconsolidated
natural clays exhibit time-independent behaviour
and do not creep. The limit time line in Fig. 1 is
therefore. defined as the time line that has an
equivalent time !, = oo, with a creep rate equal to
zero. The behaviour above the limit time line is
time-dependent and elastic visco-plastic. Below the

Verlical siress o,

Instant ime ine

lu"

£

E

[

] . e 150

= Limil lime line b 5
100d

Fig. 1. Illustration of Instant time line, time lines,
equivalent times, reference time line and limit time
line (Yin & Graham, 1989b)

limit time, it is time-independent. The logarithmic
creep function uscd in the remainder of this paper
(equation (2a)) implics creep continuing until
1. = c0. However, it often offers a good approx-
imate fitting to the creep behaviour of clays for
time periods of practical interest. Logarithmic
functions have also been used here to model
instantaneous compressions (equation (2b)) and
stress-dependent  plastic compressions (equation
(2c)), although this is not a formal requirement
of the model (Yin & Grzham, 1989b)

e = y/V x Inf(to + t)/10]
for—tp <1, <oco (2a)

&= +x/V xIn(o'/ol) (2b)
P =3 +1/V x In(o;/0op) (2¢)

where o} is a unit effective stress.

General equations
If the equivalent time £, is known, the strain at
any state point {g;, £.) is

=P+l =cp+ 1/V1n (oi/ak)
+y/VIn[(t0 + 1) /1] €)

This is a general equation which can be selved for
any 1-D loading condition once the equivalent time
t. is known. Detailed information on the evaluation
of 1, is given by Yin & Graham (1994).

If a general condition (¢!, &) is not on the
reference time line, then equation (3) allows the
equivalent time to be calculated uniquely

te = —tg + to exp [(&: — €IV /y)(0i/0ko) ¥
@)

Continuous loading or unloading can be considered
as a series of infinitesimal incremental loads do;
for real time d¢, for example from point-i to point
(i+1) in Fig. 1. The incremental strain de.-
resulting from do; is the sum of the incremental
elastic strain de; and the incremental creep strain
def?

de; = det + deP )

In equation (5), de} is calculated by differentiating
equation (2b), and de? is equal to E&F xdt
Equation (5) becomes

de. = k/V;i;do; +&Pde ' ®

The creep strain rate éP in equation (6) can be
calculated by differentiating equation (2a) with
respect to cquivalent time f,

. 1
E;p = dEl:P/df‘ = U’/V"—o—+—" (7)
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From cquation {4), equation (7) becomes

8P = ﬂ-— exp [ (e, - 3-0) V/w] (o; /al,o)‘/“’

8
Equations (7) and (8) show that the creep strain rate

at any condition aj, & is uniquely related to

equwalent time,

Subsitution of equation (8) in equatnon (6) gives

a o;, &, 0:, &-model for any 1-D loading con-
dmons ‘ S

__/ o\ L ¥V
0t ot \ ot fo

i ) 1/? .
xexp (— D) )( ;) ©

where x/¥, MV, o, YIV, ty and 35 are six fitting

parameters used in the model (Yin & Graham,

: 1994) The additional generahty associated with the
&; term (compared with the o, &, £;-model used
for example by Kabbaj et al. (1988)) allows the
same general equation to be used to model
relaxation and constant stress rate tests,

The number of parameters in this EVP model is
the same as in conventional approaches using
hypothesis A. The variable V represents the
specific volume of the clay. The parameter k/V is
similar to. C;, which defines unloading-reloading
behaviour, The parameter A/V is similar to C,, the
compression index, which defines elastic—plastic
behaviour; oj has a somewhat similar role to the
preconsolidation pressure pg, and & is related to
initial void ratio ey. The creep parameter /¥ is
similar to the coefficient of secondary consolida-
tion Cye (or Cq,) but is now independent of OCR,

.and f is similar to fggp, the time at the EOP
consolidation. However, the detailed definitions of
these parameters used in the EVP model are not
the same as those in the conventional approach.

Yin & Graham (1994) discussed these modelling
parameters in more detail, and showed how they
(plus the coefficient of consolidation ¢, and
hydraulic conductivity k) could be determined
from compression data of Berre & Iversen (1972)
for natural post-glacial marine clay from Dram-
men, Norway, Values of the modelling parameters
are given in Table L.

YIN AND GRAHAM

In Table 1, ¢, was determined using Casa-
grande's log time method. The value of k was
estimated using the relation k= c,my,y,, with m,
bemg calculated from m, = Ae /Ao, at the end of
primary consolidation in increments 4 and 5 of test
7. The values agree well with those given by Berre

& Iversen (1972).

CONSOLIDATION EQUATION USING THE EVP

CONSTITUTIVE MODEL )

This section shows how the new EVP mode!
can be incorporated into the consolidation equation
to allow the computation of time-dependent
strammg and pore water dissipation in 1-D com-
pression. In " equation (1), 3%u/oz = aufaZ,
where u(z, f) is the excess pore water pressure
above an initial equilibrium value u, and u(z, 1) =
g+ u.(z, ). The process of consolidation causes
u. to decrease to zero, at which stage u is again
equal to wy. During consolidation, the effective
stress o; in equation (1) can be written as o} =
U: — u, and so equation (9) becomes .

 _ Y (O 00)  glY
8 " o—u\ O .8 to

N 14 0'.?—u My
X exp (—e,—-)( L )
1’4 o0

Equations (1) and (10) are a general differential
system for solving 1-D consolidation problems
under any load conditions and loading history.

Consider a simple case of external loading in
which the total siress 0.(z) may vary with depth,
but not with time. Using the condition d0./8¢t=0,
equation (10) becomes

e, —xfV 59_11 + p/v

o o0,—udt t

(-5 ()"
xexp|—&— -
' a0

If equation (11) is introduced into equation (1)

k&u_ k/V 8u_ v
)’w Bzz ;- u ot fo

VNfo,—u Ay
—e, — 12
XCXP( e‘w)( 0 ) @

(10)

(i

Table 1. Soil parameters in the modelling of 1-D consolidation (based on data from Berre & Iversen (1972), test 7,

load Increments 4 and 5)

S

KV MV Okl Wy t: k: L3l ey mn
kPa min m/min m¥/min m?/kN
0-004 0158 792 0007 40 10 x 1077 0 151 x 1074 675 x 1075

+
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The strain &; in cquation (12) is solved by com-
bining cquations (11) and (12).

The parameters my, = d¢e./da; = (k/V)/(0, — u)
and ¢y = M(myyw) can now bé” introduced. In
Terzaghi's theory these parameters are constant, but
in the new mode! they depend on time f and depth
2. It will also be possible in future work to use
more realistic, pressure-dependent, or voids ratio-
dependent, hydraulic conductivities; Equations (11)
and (12) then become

2
ooy =2 - Lowe (132)
%iif,'= mv‘; + g, &) (13b)
where .
oAy
gly, &) = Et{}—yexp(_azg)(a-;;ou)
(13¢)

~ FINITE DIFFERENCE SOLUTIONS OF 1-D
CONSOLIDATION _

Equations (13) can now be used to solve
consolidation problems in which the total stress
o-(z) remains constant with respect to time. They
form a highly non-linear system of partial differ-
ential equations which has been solved using the
Crank—Nicholson finite differencé procedure. With
the terminology shown in Fig. 2, equation (13a)
becomes

, .
(Cv);.;m((wu,m ~ 2 j1 + Uiel je1)
+ 121, 5)]

1 1
=E(”r‘.j+l "'_'“ﬁ.j)__"" (;;;8(1{. {:))f.j (14)

] + ("i+!.j - 2tl,-‘j

where the subscripts § (0, ! ..., n) represent
Freely drained

I=0 :

Depth z co-ordinate
Sy

i=pnfj=0
==

Undrained I in j=m

| at |

Time [ co-ordinate

Fig. 2. Finite differcnce grid and boundarics

variation in depth, described by the z co-ordinate,
and the subscripls J (@, 1, ..., m) represent
variation in the time ¢ co-ordinate. The depth
increment Az = z;4y — z; has been kept constant,
but the time increment Af=f;;; —f has been
allowed to increase as consolidation proceeds. c,,
my and g(u,s) in equations (I3) may vary with
depth and time. As a snmp!e approxlmatlon their
values at ({, j) are used in cquauon (14).

Defining r = [c,At/(Az)? ], ;j allows equation (14)
to be rewritten

=057 X wy, et + (U4 P, it — 057 X wigq g4
=0-5r x Uimy g+ (U =ty 0:5r X iy 5

1 A

+ o4 ogte ) 1s)

ny, i .

where (i=1,2,3...n-1; j=0,1,2,...m-1).
Similarly, equation (13b) becomes:

(&);, i1 = (&) ; = ()i j(i jo1 — 101, )
+ Aflg(u, )] ; (16}

Figure 2 shows the boundary conditions used in
the remainder of the paper. The initial thickness of
the soil layer before consolidation is Hy. The top
of the soil layer (z= 0) is freely draining, i.e. the

. pore water pressure u is constant, and u, =0, (In

the special confined triaxial consolidation (med-
ified oedometer) tests of Berre & Iversen (1972),
the pore water pressure at the freely draining
boundary can be considered zero, even-though a
back pressure was applied. The back pressure
increased both the total principal stresses and the
pore water pressures, but did not change the
effective stresses in the specimens.} At the bottom
of the layer (z= Hj), a zero drainage boundary is
represented by du/dz = 0.

In finite difference form,

the two boundary
conditions are written :

(a) up ;=0 (where j=0,1,2,... m)
(0) e j=ttpeyj=0 (where j=0,1,2,... m)

It is shown above that the compression behaviour of
viscous clays is uniquely related to their (03, &, t.)
state, and hence to their past loading history.
Because deformations during consolidation depend
not only on the inittal pore water pressures but also
on the initial state (o, £;); 0, three sets- of initial
values, at time ¢ = +0, are required before compu-
tation begins

(@ (oo ((=0,1,2...n)
®) (e)io (i=0,1,2...n)
() w0 (i=0,1,2...m).

Conditions (a) and (c) show that the initial effective
stresses can be written -

@0=(:) o —t0 (i=0,1,2...n):"
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Using these boundary conditions and initial condi-
tions, equations (13c), (15) and (16) form a linear
tridiagonal equation system for the unknowns u; ;,
€ i=1L23,...0=-1,j=1,2,3...m). The
time dependent settlement S; at the top of the soil
layer (z = () is given by the sum

. :3}{0 -
&=J &1, 2)dz (17
i} .

=

where the strain ¢, is a function of time and depth.
An approximate numerical solution of equation (17)
can be written

i=n—1
5= (o S(e:)o,, + z (&) s + 0-5(e2),, )
‘ (13)

Numerical solutions of equations (15), (16) and (18)
can readily be programmed for solution by micro-
computer.

STRAINS AND PORE WATER PRESSURES IN
. SPECIMENS OF DIFFERENT THICKNESS .

Berre & Iversen (1972) presented strain and
pore water pressure data from modified oedometer
tests on specimens with four different initial
thicknesses: 18-8 mm (test 7), 75-7mm (test 6),
150-1 mm (test H6) and 450'1 mm (test H4).
Specimen H4 was instrumented in three separate
segments, with free drainage at the top of the
topmost segment and no drainage at the bottom of
the third and lowest segment. Pore water pressures
were measured at the bottom of each segment.
Average strains (or settlements) were measured in
each segment (Berre & Iversen, 1972).

. The material was a carefully sampled, lightly

Average strain S'Hy: %
@

overconsolidated,. marine posl-g]ac:a! ‘clay from
52m to 67m depth. Its clay fraction (< 2 um)
was 45%, natural water content 57%—60%, liquid
limit 54%-60%, plastic limit 28%-34%, OCR
~1-35, and sensitivity 10-12. The tests involved
multi-stage loading with various time durations,
They allowed examination of any creep straining
that might occur during primary consolidation,
Selected test data are summarized in Table 2,
and results are shown in Flgs 3-6. Increment 4 in

0 L] 4 ¥ L ] ]

'vvu‘;?%m\
a4k i

oy
s,

Test, increment

o 7, 4
12 | e 7, 5 g J
- =——  EVP modelling
e Terzagh?s theory
for increment 5
16 1 1 ] 1 1] i
(a)
SQ ¥ i L] L] 13 ]

Uy kPa

10000 100000

01 0Ot 1 107100 1000
Elapsed time: min
()

Fig. 3. Comparison of measured and calculated results
using the EVP model and Terzaghi's theory: (a) SIH,-
time; (b) u.~time; test 7 (Berre & Iversen, 1972)

“Table 2. Thickness, initial stress, strain, pore water pressure, and duration times from oedometer tests on

Drammen clay (after Berre & Iversen, 1972)

Test Increment Hy:m (e:). 00 % gx: kPa (o:).0: kPa 4,0 = Ag;: kPa & min
7 4 0-0188 2:25 553 925 372 7055
5 0-0183 6-08 825 140-2 47-7 10000
6 4 00757 1-25 559 933 374 8060
5 00757 551 90-3 140-5 4717 5694
Hé 4 0150 1-20 55-2 92-5 373 11230
5 0150 4-53 92-5 140-2 477 10000

H4 4
Top 0-450 534 89-2 358 30440
Middle G450 534 89-2 158 30440
Lower 0-450 534 89-2_ 358 30440

H4 5
Top 0450 425 89-2 1347 455 61450
Middle 0-450 5-21 89-2 1347 455 61450
Lower 0450 6-30 89-2 1347 455 61450
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Table 2 straddles the in situ stress, and since the
clay is only lightly overconsolidated, this produces

‘a normally consolidated specimen. Increment 5 is

in the normally consclidated range (Berre &
Iversen, 1972) (Fig. 6) and should therefore be
accompanied by significant creep straining in this
relatively sensitive clay. In Table 2, Hp is the
initial thickness of the specimens. The initial
strains (e:) o at the start of a new Joad increment -
are the strains that have been accumulated up to
the end of loading under the previous total stress
0w, i.e. the ‘original’ stress with u, = 0 before the
new loading was applied. (The results have been
reported using axis translation so that u=0 at
equilibrium, when w.=0, and 09 =0l The
initial total stress (o:).o is the new value of o;
immediately after loading, ie. at f=+0. The

initial pore water pressure ;o at t=+0 is equal

to the total stress increment Ag,. The times ¢ were
the durations of the increments in Berre &
Iversen’s tests. o
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The consolidation equations {equations 13) have
beea solved for the conditions in Berre & Iversen's
- tests 6, H6 and H4 using the finite difference
. procedure outlined above with the parameters in
Table 1 derived from test 7. Modelling results are
compared with measured values to examine the
validity of the new EVP model. For comparison,
see calculations from Terzaghi’s theory using the
approach outlined in Appendix 2 are also given.
- When considering specimens with different thick-
nesses, values of measured and calculated average
strains S/Hy rather than total settlements S are com-
pared. For a load increment Ag;, the increment in
the time-dependent average strain A(S/Hp) during

. primary consolidation is Ce -

o A(S/Ho) = (ASi0/Ho) x U, for 0< ¢ < tgop

obtained from traditional solutions of Terzaghi's
theory.

Comparison of model predictions and laboratory
data :

The results of EVP modelling for each of the
tests in Table 2 are now examined. Results from
the EVP model are obtained by solving the
appropriate boundary value problem using equa-
tions (13).

Test 7. Fig. 3 shows comparison. of measured
results, EVP modelling, and Terzaghi’s theory
for Berre & Iversen's test- 7. Results are shown
for average strain S/H, against time (Fig. 3(a))
and excess pore water pressure u, against time
(Fig. 3(b)). Terzaghi's theory underestimates the
.average strain {(or settlement) for increment 5,
and its S-shaped pattern of pore water pressure
response differs from both the measured response
and the more complex response predicted by the
EVP model. Since test 7 was used to determine
the modelling parameters in the EVP constitutive
equation (equation (9)), the good agreement
shown in Fig. 3 for average strains is to be
expected,

Test 6. Figs 4(a) and 4(b) show comparisons of
measured data and modelling predictions for test 6.
Again, the EVP model agreed well with the test
data, while Terzaghi's theory underestimates the
average strain in the specimen, and its s
relationship differs from both the measured values
and the EVP modelling. The nicasured initial
¢xcess pore water pressures for increment 4 were
lower than the value of u; ¢ = 37-4 kPa that would
be expected from the change in stress Av, =
374 kPa in a saturated clay.

(19

.where U is the average degree of consolidation

Test H6. Figs 5(a) and 5(b) show good agreement
between measured and predicted average strains up
to about 1000min of increment duration, byt
thereafler the calculated values are larger, The
predicted values of u; o = Ao, were 37-3kPa and
47-7kPa for increments 4 and 5 respectively; these
are again larger than the measured values.

Test H4. The predicted average strains agree well
with the measured data for increment 4, and also
for about the first 20000 min for increment 5 (Fig.
6). Again the measured pore water pressures are
lower than expected. The EVP modelling agrees
well with the test data for increment §, except that

the model overestimated the u, at z=1Hp in the
. middle stage of the testing. The measured data

show some increases in u, at z = Hj, the undrained
boundary, in increment 4; and at z = 2H, and H, in

~ increment 5 (i.e. at the bottoms of t!%xe middle and -

lowest segments of the specimen). Fig. 6(c) shows
that the EVP model can simulate this phenomenen
of local pore water pressure increase during the

- consolidation process.

Berre & Iversen (1972) compared measured data
and results calculated for test 7, increment 5, using
the linear rheological model suggested by. Gibson
& Lo (1961) and the non-linear rheological model
of Barden (1965). Figs 7(a) and 7(b) show that the
new EVP model produces reasonable modelling,
while Gibson & Lo's model underestimates the
average strains in the middle stage of the testing
and overestimates the pore water pressures except
at the end of the increment.

h 1] ¥
3t
. (a)
¥ 2L A
7]
<
= o Test7, 1
.E ir increment 5 ™., 7
g —— EVPmodeling "o,
g 6 - Gibson & Lo{196%) .
Z
a 1 1 L 1 1 L
60 ) L] L] L [] 13
{b)
. .
[
-
1 1 ] I

0 o—d

001t 01 1 10 100 1000 10000 100000
Etapsed fima: min

Fig. 7, Comparison of measured and calculated results

using the EVP model and Gibson & Lo's (1961)

model: (a) SHg~time; (b) w~time; test 7, lncrement S

(Berre & Iversen, 1972)
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Fig. 8. Comparison of measured and calculated results
using the EVP model and Barden’s (1965) model: (a)
SiHg-time; (b) we~time; tests 7, 6, H6 and H4 at
increment 5 (Berre & Iversen, 1972)

Figures 8(a) and 8(b) show similar comparisons
with Bardens model, which predicts the average
strain increments for Increment 5 in all four tests
quite well (Bérre & Iversen, 1972). However,
Barden’s predicted pore water pressures are much
lower than the measured values. In general,
predictions from the EVP model are in good
agreement with the test data’ for all four tests.
Remaining discrepancies’ may be associated with
the assumption of constant hydraulic conductivity
k in {equations (13a) and (13b)) which is known to
.vary non-linearly with effective stress. Another
reason for the discrepancies may be the assumption
‘of constant values of the logarithmic fitting
functions %, 4 and . Yin & Graham (1989a)
showed how power law functions could produce
better modelling in highly structured clay. -

SIMULATION OF CONSOLIDATION IN CLAYS WITH
. DIFFERENT THICKNESSES

Figure 9 shows average strains S5/Hj and excess
pore water pressures 1. for four different clay
layers that were assumed to be freely drained at
the top and completely undrained at the bottom.
The dashed lines in Fig. 9(a) show non-viscous
settlements predicted by Terzaghi's equation; the
dotted lines add the viscous component. The figure
includes non-coupled EVP modelling using equa-
tion (22b) from Yin & Graham (1994), and the
new coupled EVP model given by equations (13).
The paramcters for the EVP modelling are again

0 T t T T T T T T

— EVP modelling, H, = 0-0188, 0-0752, 0-3008, 1203 m
‘ —— EVP modelling, na u, coupling

{a)

Avorage strain STHy %
(-]

» = = = Terzaghi's theory
= Hypothesis A

i 500 1® w' 102 10t 10* 108 b w7
Elapsed time: min .

Fig.9. Comparison of results calculated using the

EVP model and Terzaghi’s theary with hypothesis A

for clay layers Hy =0-0188 m, 0-0752 m, 0-3008 m and

1203 m: (a) S/Hy~time; (b} u~time

those in Table 1, with initial conditions (&:);0 =
6-08%, o = 92-5 kPa (the previous effective stress
level), u;0=477kPa. The total stress (o:); ¢
under the new loading is 140-2 kPa. Four different
thicknesses are used: Hp = 0-0188, 0-0752, 0-3008
and 12203 m. The conditions™ for - Hp = 00188 m
are the same as for test 7, increment 5 in Table 2.
The remaining conditions are for clay layers of
different thicknesses” which start from the same
void ratio and experience the same stress increase.

In general, the' EVP model calculates larger
settlements than Terzaghi’s theory. After the excess
pore water pressures have dissipated, the average’

. strains calculated using the new EVP model for the

four different thicknesses approach the line calcu-
lated using the model described by Yin & Graham
(1994). It will be remembered that the earlier model

" did not take account of delays in settlements caused

by pore water pressure coupling.

Figure 9(b) shows the variation of excess pore
water pressure ¥, with time at the undrained
(impervious) bottoms of the consolidating layers.
As expected, the u.-time curves calculated by the
EVP model are different from the S-shaped curves
calculated using Terzaghi's theory. In the general
arca of the arrows in Fig. 9(b), the dissipation rates
of excess pore water pressures (—8w/d1) decrease
at various stages in the consalidation process
depending on the thickness of the consolidation
layer. Later they increase again, before finally



approaching zcro when consolidation is complete.
The pattern of such changes in {—du,/dr) depends
on the thickness of the consolidation layer, and on
the hydraulic conductivity k, the viscous stress—
strain behaviour of the clay, and the initial stress—
strain states and loading conditions.

When the thickness increases beyond a certain
value (for example the layer with Hy = 1203 m in
Fig. 9(b)), the rate (—au/dr) can become negative
during part of the consolidation process. That is,
the dissipation rates can become negative, and the
apparently anomalous result follows that excess
pore water pressures can actually increase locally
for some time (see for example Lambe & Whit-
man, 1969; Chang, 1981; Crooks, Becker, Jefferies
& McKenzie, 1984; Kabbaj et al., 1988). Asso-
ciated with these decreases and subsequent in-
creases in (—du/dr) are corresponding decreases
and increases in the rate of change of effective
stresses. Figs 10(a) and 10(b) show isochrones of
excess pore water pressures u. and strains &,
respectively for the clay layer with initial thickness
Hy = 1203 m. Fig. 10(a) shows again that in the
early stages of consolidation, pore water pressures
at the bottom of the layer can be larger than the
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Fig. 10, (a) Excess pore water pressure isochrones, (b)

strain isochrones in the clay layer Hy=1203m,
simulated using the EVP model

applied stress increase of 47-7TkPa, This is dealt
with more fully in Yin et al, (1994).

The reason for the increasing pore water
pressures is that vertical strains in the lower 70%
of the clay are almost constant during the early
stages of consolidation (Fig. 10(b), line 1). This
means that the clay is in a state of ‘relaxation’
which is similar to ‘crecp’, but now with constant
strain and decreasing effective stress. Continuing
viscous compressions must be balanced by elastic
expansions, and therefore by decreasing effective
stresses and increasing pore water pressures. An
understanding of this mechanism can only be
derived from a (o], &, 63, &) model such as
equation (9). Naturally the effect is most clearly
observed when the loading is sufficient to exceed
the previous preconsolidation pressure, as in the
Halifax clay tests of Yin er al (1994). In the -
overconsolidated range, creep rates will be much
smaller (Fig. 1) and the effect is unlikely to"
develop. '

RELATIONSHIP BETWEEN AVERAGE STRAIN SIH,
AT EOP AND THICKNESS OF CLAY LAYER

Two hypotheses (A and B) relating the EOP
voids ratio and effective stress to the thickness of
the consolidating layer are outlined above. Mesti &
Choi (1985) concluded that the EOP e-logo! is
unique and independent of the thickness. This
supports hypothesis A. However, Kabbaj et al
(1988) found that the EOP e-logo relationship
from thin laboratory specimens underestimated in
situ settlements at three normally consolidated test
embankment sites. They concluded that hypothesis
A is not valid. '

Yin & Graham (1990) used the EVP model to
show that the EOP e-logo: relationship is not
unique, but a function of fgop (or fp), the time
required to complete primary consolidation. This
paper has extended that work by formally incor-
porating the EVP model into the consolidation
equation and investigating how the EOP e-loga;
relationship (or the equivalent S/AHy—o! relation-

- ship) varies with the thickness of consolidating

layers. '

Results are shown in Fig. 11 for the stage when
the maximum excess pore water pressure u, has
been reduced to 0-5 kPa, which can be considered
negligibly small. The average strains S/Hp clearly
depend quite strongly on the layer thickness Ho.
Fig. 11 shows that the average strains increase with -
increasing layer thickness. However, the gradient
d(S/Hy)/dHy decreases with increasing layer thick-
ness, and the relationship between S/H and log flo”
is almost linear (Fig. 11(b)). Fig. 11(b) supports
the earlier conclusion that arbitrary separation 9%
consolidation’ strains into primary and §F‘39‘-‘¢,ag
components lacks a physical or rqathf:m?‘““l-b‘-”-- .
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Fig. 11. Relationship of average strains S/Hp with
thickness of the consolidation layer Hy at EQP
consolidation (u, = 0-5 kPa, simulated using the EVP
model): (a) S/Hy—Hy, (b) S/Hy-log Hy; the initial strain
before the application of Ao, =47-7TkPa is £ =
6-08%.

CONCLUSIONS

A new EVP model has been incorporated into
the consolidation equation, and solutions have been
obtained using finite differences. Results calculated
using the model agree well with the test data
reporied by Berre & Iversen (1972). Complex pore
water pressure data are modelled qune well,
although average settlements are at times over-
‘estimated.

The model allows an understanding of the
observation that excess pore water pressure dis-
sipation rates (—du./d7) in thin layers of viscous
clays may decrease part of the way through the
consolidation process, and then increase again,
before finally reducing to zero when consolidation
is complete. Simulation of the consolidation of
four different thicknesses of clay shows that the
average strains at the EOP consolidation increase
with increasing thickness of layers.
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NOTATION
¢, cocfficient of consolidation &/m,y,,
Cues Car  logarithmic creep functions with respect to
voids ratio, strain
gl{u, £} creep f'uncl:on in EVP consolidation equation
Hy initial thickness of soil layer
k cocflicient of hydraulic conductivity
m, coefficient of volumectric compressibility 3¢,/
d0;
r cAtfAz)?
S settlement
1, 1. time, equivalent time .
{o curvefitting parameter related to choice of
reference time line
u, u, pore water pressure, excess pore water pressure
V specific volume, volume occupied by unit
volume of solids
Yw unit weight of water
& strain .
€ ef.g ‘fixing’ strains for instantaneous line and
reference time line .
k, 4 logarithmic material constants for instantaneous
strains and stress-dependent plastic strains
G, o' stress, effective stress
¥ logarithmic material constant for creep

S:guerscrrpts g
¢, tp, ¢p instantaneous (elastic), time-dependent plastic,
stress-dependent plastic

Subscripts
0 ‘original’ from previous loading
EOP end of primary consolidation
i, j counters for position z and time ¢
z vertical

APPENDIX 1.

_ CALCULATIONS BASED ON TERZAGHI'S THEORY

For the calculations involving Terzaghis theory (hy-
pothesis A), the settlement Sjo0 (and hence the average
strain  Sjoo/Hy) at the EOP consolidation must be
calculated before the time-dependent average strain S/Hp
can be evaluated. The average strain can be calculated
from

AS\a/Ho = CifV x !og (0% /o) + CfV
x log ((02);/(o%) (20)

where C; and C, are respectively the compression indexes
fited to data in unloading-reloading cycles, and first-time
loading at EOP. The value of g} is the intercept paint of
an unloading-reloading line and the first loading line at
EOP, and is interpreted as the preconsolidation pressure in
normal soil mechanics. For test 7 presented by Berre &
Iversen (1972), it has been estimated that C,/V = 0-0092,
C/¥V=0380, and the first loading line was ¢, = C/
Vlog (0:/77-6) at EOP. Using these parameters and
equation (14), the average strain increments AS oo/ Hp at
EOP for load increment § of tests 7, 6 and H6 were found

2~ Lo N LOOBS 4 ransr _ ) F SNy
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The average strain during sccondary consolidation is

A(S/flo) = ,.Q/Vlog(fllgop) for tgop €1 <00 (21)

where C,, is the cocfficient of sccondary consolidation,
estimated from test 7 to be 0-0161. The total time-
dependent average strain is then

S/Ho = (S/HoYAS100/Ho + A(S/H) (22)

where {S/Hp);| is the accumulated average strain up to
the end of the last loading cl. The excess pore water
pressures u, at the undrained boundary can also be
obtained from Terzaghi’s theory. As mentioned above,
these values can then be compared with corresponding
measured values, and values from the EVP mode! from
{equations (7) and (8)).
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