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Abstract

There is a rising demand for land reclamation in coastal cities with economic and
demographic growth in East and Southeast Asia. Marine clays play a critical role in these
projects, as their deformation characteristics significantly impact subsoil quality. The
long-term loading behavior of marine clays has been studied by many researchers.
However, there are relatively few existing studies focusing on the unloading behavior
after preloading, and strain rate dependency on the unloading behavior of marine clays
remains unclear.

This study aims to accumulate experimental data on the unloading behavior of
marine clays and develop a strain rate-based model for improving the prediction accuracy
for marine clays’ unloading behavior. The authors conducted a series of constant rate of
strain (CRS) consolidation tests from loading to unloading, and long-term unloading
oedometer tests for marine clays to observe the unloading behavior. Controlling the
preloading duration corresponding to different strain rates at the end of preloading to
elucidate the stress history’s effect.

Moreover, instead of a parameter o', (preconsolidation pressure) for normal
consolidation visco-plastic behavior, the authors develop and propose a new visco-plastic
model by introducing a concept of plastic rebound boundary and a new parameter R for
swelling behavior in unloading. This parameter R represents the normalized distance from
the current stress state to the plastic rebound boundary in logarithmic effective
consolidation stress. Therefore, the visco-plastic model for behavior in the loading stage
has been developed into the swelling visco-plastic behavior in the unloading stage of
marine clay. Comparing the simulation and test results, the simplified visco-plastic
swelling model shows great agreement with the test results.

This thesis provides a novel perspective on the unloading behavior of marine clays
and experimentally validates the efficacy of a strain rate-based model in describing their
swelling behavior. The new model offers significant theoretical support for optimizing
foundation design and prediction in future coastal land reclamation projects.

The thesis is composed of 8 chapters. Chapter 1 introduces the study’s background,

objectives, and the need for improving the accuracy of prediction for unloading behavior



of marine clay. Chapter 2 provides a literature review of experimental research, such as
incremental loading (IL) oedometer tests, constant rate of strain (CRS) consolidation tests
and inter-connected consolidation tests, on the loading and unloading behavior of marine
clays, as well as some recent constitutive models developed to simulate unloading
behavior. Chapter 3 introduces the physical properties of Ariake clay, Louiseville clay
and Onsgy clay, respectively. The consolidation characteristics of the three marine clays
are compared based on their compression curves. Chapter 4 describes two types of CRS
consolidation test methodologies: constant unloading strain rate consolidation test and
multi-stepwise unloading strain rate consolidation test. The experimental results
demonstrate the direct influence of unloading strain rate on the unloading behavior. In
addition, the strain rate dependency is compared between loading and unloading stages.
Chapter 5 presents two types of incremental loading oedometer test methodologies: four-
stage unloading oedometer test and long-term unloading oedometer test. The influence of
overconsolidation ratio (OCR) and preloading duration on the unloading behavior is
investigated, and the strain rate dependency during unloading is quantitatively evaluated.
Chapter 6 describes the proposed model's development process in detail and presents its
simulation results based on the experimental data. First, the loading behavior of the new
model adopts the formulation proposed by Watabe et al. (2008; 2012). Then, a new strain-
rate-based swelling model for unloading is developed by incorporating the concept of a
plastic unloading boundary (Amerasinghe and Kraft, 1983; Tachibana et al., 2020) and
reference overconsolidation ratio (OCRys). Finally, numerical simulations are conducted
to evaluate the model's performance. The simulated results show good agreement with
the observed unloading behavior of marine clays. Chapter 7 further discusses the new
visco-plastic model, including a comparison between the swelling behavior during
unloading and loading behavior. The advantages of introducing the reference
overconsolidation ratio OCR,r are elaborated, and the proposed model is systematically
compared with some existing models. Finally, Chapter 8 summarizes the study's findings

and provides some recommendations for further research.
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Chapter 1 Introduction

1.1 Background

In the past few decades, economic prosperity and demographic expansion have
significantly escalated the demand for land reclamation in coastal cities of East and
Southeast Asia, where flat land is scarce. Land reclamation emerges as a strategic solution,
facilitating urban development by converting water-adjacent spaces into viable land.
Typically, the process relies on geotechnical materials such as marine clays. Therefore,
the deformation of marine clays becomes a crucial concern for the quality of subsoil
conditions.

The swelling behavior of marine clay, especially its time-dependent characteristics,
plays an important role in determining the long-term stability of reclaimed land. In the
background of land reclamation, preloading and surcharging techniques are commonly
used to accelerate consolidation and enhance soil strength. After the temporary surcharges
are removed, the underlying clay layers often undergo swelling, which can lead to
significant deformation and affect the serviceability of the reclaimed land. Therefore,
understanding the time-dependent swelling behavior of marine clay under unloading
conditions is essential for predicting post-construction settlement and designing effective
ground improvement strategies.

Many researchers have studied the long-term consolidation behavior of marine clays
using the isotache concept in which the effect of the strain rate on the compression
characteristics is considered (Leroueil et al. 1985; Hinchberger and Rowe 1998; Rowe
and Hinchberger 1998; Kim and Leroueil 2001; Den Haan and Kamao 2003; Tanaka et
al. 2006; Watabe et al. 2008; 2012; Qu et al. 2010; Degago et al. 2011; Yuan and Whittle
2018; Yu et al. 2021). Most of these studies have focused on assessing secondary
consolidation in consideration of the strain rate effect. Within this research realm, Watabe
et al. (2008; 2012) proposed a strain rate-based model that applied a non-linear isotache

relationship with a creep limit and the model excels in the compression field. However,



there are relatively few existing studies focusing on the unloading behavior after

preloading (Mesri et al. 1978; Alonso and Navarro 2005). The unloading process is

associated not only with recompression of clays but also with viscous swelling. Under a
certain load, particularly when the load changes significantly, continuous swelling
behavior is observed, and the deformation behavior after unloading is influenced by the
preloading duration. Moreover, the strain rate dependency in the unloading behavior of
marine clays remains unclear and requires further investigation (Tanaka et al. 2014).

Figure 1-1 illustrates the strain rate dependency of clay during compression and swelling,

respectively.
(a) (b) log o'
£: strain rate as reference (-)
10¢ ¢ 0.1e 0.01¢ !
1
1
1
i
1
g g '
=] = 1
5 £ :
0.01¢£ 01 £ 10¢ “ i
v £ strain rate as reference (+) v

Figure 1-1 Strain rate dependency of clay in two stages (a) Compression stage; (b)
Swelling stage.

1.2 Preloading with vertical drains (PVDs)

The PVDs method is one of the most widely used technologies on land and in coastal
areas due to its proven efficiency in shortening the drainage path and accelerating the
consolidation process. (Onoue, 1988; Chu et al., 2000, 2006; Indraratna et al., 2005;
Laskar and Pal, 2016; Zhu et al., 2018; Zhou et al., 2023). Consolidation of compressible
soil could take up to several years based on the thickness of the soft soil layer. Preloading

is the process of placing additional vertical stress on compressible soil to reduce residual

2



settlement. In addition, the use of vertical drains to accelerate excess pore water pressure

dissipation significantly shortens the time of the soil improvement.

Loading without vertical drains

= e . Preloading with verti
(Slow draining sub-soil)

(Shorten the drainag

Preloading Preloading

Figure 1-2 Diagrams of preloading

However, after removing the preload, a long-term viscous swelling occurs, and at
the low OCR (over-consolidation ratio) condition, creep settlement will also happen even
after swelling (Vergote et al. 2019). What’s more, the unloading test results show that
viscous swelling plays a prominent role in unloading behavior. Up to now, there is no
model that can simulate the long-term unloading process well, including swelling at high
OCR conditions. Also, the prediction of residual settlement is essential for land use in
safety.

Therefore, the unloading behavior of clays is critical for preloading in large-scale
reclamation projects. It is crucial to develop a method to improve the accuracy of
unloading behavior prediction and establish a model for evaluating the unloading

behavior of clay in the future.

1.3 Research objectives

The main objective of this study is to improve the accuracy of simulating the

3



unloading behavior of soil. Watabe et al. (2008) have demonstrated that a rate-dependent
model based on the isotache concept is able to accurately predict the long-term loading
behavior of soil. The isotache concept was proposed by Suklje (1957), who introduced a
unique relationship between the strain and the consolidation pressure corresponding to
the strain rate associated with viscosity. Some researchers (Tanaka et al. 2014) have
described a strain rate-dependent relationship will also play a significant role in the
unloading behavior of marine clays. Therefore, a rate-dependent model based on the
isotache concept will also play a significant role in predicting unloading behavior.

To achieve this, firstly, it is crucial to develop a method to quantitatively evaluate
the strain rate dependency during the unloading behavior of clays. In this study, three
kinds of marine clays, Ariake clay, Louiseville clay and Onsgy clay were examined by
CRS consolidation test and incremental loading oedometer test to clarify the strain rate
effect during the unloading behavior. The authors also evaluated a ratio (Ceo/Cc and Cso/ Cs)
to compare the strain rate dependency between loading and unloading. Secondly, based
on the quantitative findings, the loading-phase model was extended to the unloading
phase in order to simulate the experimental results. The individual objectives of this study
are presented as follows:
® To clarify the shape of isotache lines during the unloading process and the location
relationship between different isotache lines. Moreover, clarifying that the isotache lines
are equally spaced, which is the same as the consolidation behavior or the difference
between two neighboring isotache lines becomes larger with OCR (overconsolidation
ratio, OCR=0"p,,,«/0") grows by CRS consolidation test.
® Try to develop a way that can evaluate the unloading strain rate dependency for one
soil sample, similar to the approach proposed by (Watabe et al. 2020) for the loading
process.
® To make clear the relationship between strain rate dependency and OCR during
unloading process by incremental loading oedometer test.
® To generalize the isotache model that Watabe et al. (2008, 2021) proposed from

loading into unloading conditions based on the result of this study.



1.4 Comparison between Ceo/C and Cio/Cs

The objective of this study is to quantitatively evaluate the strain rate dependency of
the unloading behavior. For this reason, the author set a group of C../C. and Cs/Cs in
order to compare the strain rate dependency during loading and unloading. The values of
Ceo/Ce and Cso/Cs are able to estimate the strain rate dependency during compression and
swelling respectively.

Geometrically, the values of C.o/C. and Cs/C; respectively represent the distance
(x10g p = Alog p") in above figures equals to increment of log p' for one log cycle of strain
rate at a constant void ratio (Watabe et al. 2012), as shown in Figure 1-3 and Figure 1-4.
The higher values of C./C. and Cs,/Cs means the stronger strain rate dependency when
strain rate changes. (Here the C, is secondary consolidation index, generally expressed
as Cy and Cy, is secondary swelling index.)

The formula derivation flow of loading behavior (Watabe et al. 2013) has been
written hereunder:

As the Figure 1-3 shown, geometrically,

X =k (1-1)

XlogP 1

From the definition of secondary compression index in strain Ceq:

Ae = C,,Alogt (1-2)
. Ae  CouAlogt  Ceq ANt Coy 1
e =25 o8t _ nt_ = (1-3)
At At In10 At 2.303¢t

Eq. (1-3) means that the strain rate decreases with elapsed time in inverse proportion,
indicating that the strain rate decreases by a factor of ten when elapsed time increases by
10 times (Alogt = 1), if C, is constant during the time increment. From equation (2):

X =Cqqy (1-4)

The distance xo4p equals to increment of log p’ for one log cycle of strain rate or

void ratio rate,

Alogpr
X10gP = Zloge (1-5)
This equation is the exact definition of the parameter Ceo/C.:
Cea _ Alogpr (1-6)

Cc Alogeé

The formula derivation flow of unloading behavior is in line with the loading
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behavior, so the derivation is omitted here. The equation for unloading behavior (Figure

1-4):

From the formulation, the forms of equation (1-6) for loading and equation (1-7)
unloading seem similar, however, the data of p’, é and e were derived from different
processes, loading and unloading. Therefore, the value of C../C. is significantly larger

than that of Cs/Cs.

log p'

Figure 1-3 Illustration of geometrical relationship between the parameters (Loading)



&: strain rate (-)

10é £ 0.1e 0.01¢

Figure 1-4 Illustration of geometrical relationship between the parameters (Unloading)

1.5 Introduction of this thesis

This study conducts constant rate of strain (CRS) unloading consolidation tests and
a series of long-term oedometer tests on Ariake clay, Louisville clay, and Onsey clay to
address the insufficient understanding of time-dependent unloading behavior in marine
clays. In particular, the strain-rate dependency of both recompression and viscous
swelling during the unloading process remains unclear. The tests were designed to
simulate the conditions typically encountered in land reclamation projects, where
temporary surcharges are removed after consolidation. A new aspect of the experimental
design is the variation in preloading durations, corresponding to different initial strain
rates before the unloading process. Furthermore, the concept of plastic rebound
(Amerasinghe and Kraft 1983; Tachibana et al. 2020) was applied to describe the
mechanical behavior of marine clay during unloading. The proposed visco-plastic model,
which was originally developed for the normal consolidation stage (Watabe et al. 2008;

2012) was modified to account for swelling behavior by introducing a new parameter, R,



representing the normalized distance from the current stress state to the plastic rebound
boundary in logarithmic effective pressure. This enhancement aims to improve the
precision in predicting marine clay’s swelling behavior in unloading, which Yao and Fang
(2020) named this behavior “negative creep”.

Through this research, the modified model was applied to simulate the results of the
long-term unloading oedometer test, contributing to a better understanding of the soil’s
response to loading history effects.

Due to the experimental design and model calculations of this study based on strain
rate, for ease of description and computation, this paper similarly utilizes strain (¢) to
characterize soil deformation behavior in the same manner as some scholars (Watabe et
al. 2008; 2012, Yin and Tong 2011; Feng et al. 2017), rather than void ratio (e) (Yao and
Fang 2020) and settlement (mm) (Alonso and Navarro 2005). Compression is designated
as positive; swelling is designated as negative for strains according to the convention of

soil mechanics.



Chapter 2 Literature review

2.1 Loading behavior

The one-dimensional sudden loading of a clay sample results in a time-dependent
decrease in void ratio, as illustrated in Figure 2-1. During primary consolidation,
settlement is governed by the dissipation of excess pore water pressures and Darcy’s Law.
During secondary consolidation, the rate of settlement is controlled by soil viscosity.
Secondary consolidation is characterized by the slope of the consolidation curve, the
secondary compression index C, = Ae/Alog ¢.

Secondary consolidation of soils has achieved much importance as a significant
contribution to soft clays’ long-term settlements. There are three main approaches to
evaluating the consolidation settlement, both practically and theoretically, and these are
written as follows:

(1) The coupling of Terzaghi's one-dimensional consolidation theory and the constant C,
concept.
(2) The end of primary consolidation (EOP) concept (Mesri and Choi 1985) and the

constant C,/C. concept (Mesri and Castro 1987).

(3) The isotache concept introduced by (Suklje 1957).
where C. denotes the consolidation index and C, denotes the coefficient of secondary
consolidation.

Approach (1): In practice, approach (1) is the most widely used. After the end of
primary consolidation, the decremental void ratio induced by secondary consolidation
varies linearly against the logarithmic elapsed time after loading, log ¢. The decremental
void ratio corresponding to one cycle of logarithmic time during the secondary
consolidation is expressed as C,. In this approach, the secondary consolidation is

calculated by taking C, as a constant value.



log ¢

A 4

Secondary
consolidation

Primary
consolidation

Figure 2-1 Illustration of primary and secondary consolidation

Approach (2): From the EOP compression curves, Mesri and Choi (1985)
empirically determined that the consolidation yield stresses obtained in the laboratory and
the field are equivalent. The constant C./C. concept proposed by Mesri and Castro (1987)
is useful to explain the secondary consolidation with regard to the delayed creep
consolidation (Bjerrum 1967) in which the e-log p curve shifts downward with time.
Because time is introduced explicitly as “elapsed time” rather than being implicitly
denoted as “strain rate”, this method is essentially the same as method (1), provided that
the compression index C. is constant (i.e., the NC-line is linear in the e-logp space).
However, if the NC-line exhibits a downward-convex shape (i.e., C. decreases with
increasing effective stress), then the two methods lead to different interpretations of the
time-dependent behavior. The constant C,/Cc concept is consistent with the isotache
concept; nevertheless, its application is limited because secondary consolidation lasts
infinitely against logarithmic time, in other words, the strain increases to infinity at
infinite time. Moreover, Leroueil (2006) denied the generality of the EOP concept based

on his experience in which the consolidation yield stress corresponding to the EOP
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compression curve obtained in the laboratory is significantly larger than that observed in
the field.

Approach (3): The isotache concept was first proposed by Suklje (1957), which
professed a unique relationship between the strains and the consolidation pressure
corresponding to the strain rate in association with viscosity. Strain rate effect works as a
key parameter here. This method states that the rate of change of void ratio is given by
the prevailing void ratio and effective stress.

Leroueil et al. (1985) proposed one of the first isotache models. The parameters of
this model are mostly based on CRS consolidation tests. It was found that CRS
consolidation tests on the same soil with different strain rates are related to a different
preconsolidation pressure. As such, in the constitutive model, given ¢, ¢ and &, the
preconsolidation pressure is determined and not an independent parameter:

o'y = f(€) (2-1)

This function illustrates the strain rate dependency. The function can be used to
define the relation o’, ¢, € together by using a normalised reference compression line at a
certain strain rate:

0'y/0',(€) = g(e) (2-2)

Equation (2-2) shows that the compressibility can change over stress, but is the same
for any strain rate. As ¢’}, changes, the compression curve is simply translated.

This model was further developed by Leroueil (2006) and Watabe et al. (2008; 2012),
with the difference that the visco-plastic component &,, was applied instead of the total
strain &.

Watabe et al. (2008; 2012) proposed a simplified method with the isotache concept
using a reference compression curve and a function of the strain-rate dependency of the
consolidation yield stress obtained from both constant rate of strain (CRS) tests and long-
term consolidation (LT) tests under a constant stress. The equation is expressed as below,

U/p—O"pL

In = ¢1 + ¢;lngy, (2-3)

O"pL

/ . . O'p~9'pL . & _
Here ¢, ¢;, o'y, are called isotache parameters. ¢, is equal to In o até,, =1,

i.e., it expresses the relative position of the loga’y, - logé,,, curve. c, expresses the level

of strain-rate dependency. o'y, expresses the value of ', when the strain rate is nearly
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zero. ¢; and c, are constants and o'y, is the lower limit of ¢’,. Figure 2-2 shows the

relationship among three parameters.

log (6", /6")

0.7}

£=1x%10"7 st .
Strain rate log &

Figure 2-2 Relationship among three isotache parameters (Watabe et al., 2012)

2.2 Unloading behavior

Understanding the unloading behavior of clays is critical in geotechnical engineering,
particularly in the context of ground improvement techniques such as surcharge method
and preloading with vertical drains (PVDs) method. These methods are commonly
employed to accelerate consolidation in soft clay deposits, and the subsequent removal of
the surcharge load introduces an unloading stage that can significantly influence the
deformation behavior of the soil. Such removal aims to bring the soft clay into an
overconsolidated state, which enhances its mechanical properties and reduces the amount

of residual settlement under service loads. Similarly, excavation activities also involve
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unloading processes that will affect long-term ground deformation and overall stability.
A thorough understanding of these unloading responses is essential for reliable prediction
of clay behavior in both ground improvement and excavation scenarios. This section
provides a concise review of previous studies on the unloading behavior of clays under

various geotechnical conditions.

2.2.1 Experimental study on the unloading behavior of soils

Laboratory testing is indispensable for evaluating the unloading behavior of soils.
To reliably assess such behavior, a substantial amount of experimental data is required.
Unloading behavior is typically investigated through long-term oedometer tests, which
are designed to examine the subsequent one-dimensional unloading response of soils after
preloading. Some researchers have conducted such oedometer tests on marine clays (Feng
1991; Tanaka et al. 2014; Feng et al. 2017). Alonso and Navarro (2005) conducted
oedometer tests following non-standard stress stages over several different durations on
inorganic soils. Similar investigations have also been carried out on peat by Madaschi and
Gajo (2015) and Yamazoe et al. (2025). As noted by Madaschi and Gajo (2017), the
amount of published long-term unloading tests remains limited, and more experimental
results are crucial for improving the generalization of conclusions.

Some studies have challenged the conventional assumption of purely elastic soil
behavior during unloading, revealing more complex mechanical responses. It is
commonly believed that soil under unloading behaves elastically, and only the dissipation
of the negative pore water pressure should be considered. However, Mesri et al. (1978)
investigated the unloading behavior of clays through constant loading oedometer tests
and triaxial tests, and Tanaka et al. (2014) utilized a modified Constant Rate of Strain
(CRS) consolidation test to examine unloading behavior in both reconstituted and intact
clays. Their findings revealed that the swelling index (Cs) is not a constant parameter but
tends to increase with overconsolidation ratio (OCR). Additionally, the effect of swelling

is significant at large stress removals.
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Previous research using incremental loading oedometer test

Alonso and Navarro (2005) conducted a series of oedometer tests on 8-mm high
specimens of reconstituted Llobregat Delta silty clay. These tests followed various stress
stages, distinguishing them from conventional preloading tests. In their procedure, the
samples were preloaded to a target stress level based on a specified OCR and last for a
fixed preloading duration. Subsequently, the samples were unloaded to a vertical effective
stress of o'y = 200 kPa and maintained under that stress to evaluate swelling and
recompression behavior. Totally nine tests were conducted, including OCR values of 1.05,
1.2, and 2.0, with preloading durations of 10 minutes, 100 hours, and 500 hours. The
results are presented in Figure 2-3. Recompression behavior was observed in three test
conditions: OCR 1.05 with a preloading duration of 10 minutes, OCR 1.2 with 10 minutes,
and OCR 1.05 with 100 hours of preloading. At the OCR 2.0 condition, swelling was
consistently observed. The swelling strain was strongly influenced by the duration of the
preloading stage: the longer preloading duration, the greater swelling strain. This
observation highlights the significance of swelling behavior, which is often ignored.

As shown in Figure 2-4, Tanaka et al. (2014) conducted a series of incremental
loading oedometer test on 20-mm high specimens of Mal3 Osaka Bay clay. The
overconsolidation ratio ranged from 1.14 to 3.0. Before unloading to the specified OCR
levels, the samples were initially loaded to 90 kPa for 24 hours, followed by an additional
loading stage to 330 kPa for 2 hours. The strain rate at the end of preloading 2h is 8x1077
s'l. Among the six test results, three exhibited recompression behavior at OCRs 1.14,1.27,
and 1.49. The remaining tests, conducted at OCR values greater than 2.0, resulted in long-

term swelling.
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Previous research using CRS consolidation test

Watabe et al. (2010) conducted CRS consolidation tests on Mal2 Osaka Bay clay
and Tanaka et al. (2014) performed a series of tests on Kasaoka clay, Louiseville clay and
Mal3 Osaka Bay clay, as shown in Figure 2-5 and Figure 2-6, respectively. Both studies
similarly adopted a multi-stepwise unloading approach, with steps corresponding to a
range of strain rates. The aim was to examine the strain-rate dependency of the unloading
behavior. However, in contrast to the loading behavior, lower strain rates during
unloading resulted in higher stress at a given strain.

Tanaka et al. (2014) also conducted a series of unloading-reloading CRS
consolidation tests on Louiseville clay, reconstituted Kasaoka clay, and reconstituted
Mal3 Osaka bay clay to investigate the effect of the maximum consolidation stress (¢"v,max)
on unloading behavior. By comparing the relationship between the incremental void ratio
after unloading and the normalized effective stress (o'v/o'vmax) under different levels of
maximum consolidation stress, it was found that the unloading paths converge onto a
unique curve. This relationship appeared to be independent of ¢'y,max , strain magnitude,
or the compression index C.. This finding supports the development of more general
constitutive models and may contribute to improving the prediction of post-unloading

deformation in soft clays.
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Previous research using inter-connected consolidation test

The thickness effect during loading behavior of soil layer was investigated for the

compressibility characteristics of clayey soils in the laboratory and field tests (Berre and

Iversen 1972, Kabbaj et al. 1988, Watabe et al. 2008; 2009, Degago et al 2010).

Watabe et al. (2009) and Shirako et al. (2009) investigated the thickness effect and

the distribution of excess pore water pressure during unloading using the inter-connected

consolidation test. Figure 2-7 presents a conceptual diagram of the apparatus for the inter-

connected consolidation test.
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Figure 2-7 Diagram of the apparatus of inter-connected consolidation test (Kang et al.

2001)
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In Figure 2-8, Watabe et al. (2009) initiated to unload from the secondary

consolidation stage (4u = 0). After unloading, negative excess pore water pressures were

generated. From 0.5 minutes after unloading, the excess pore water pressure distribution
began to approximate a parabolic shape, and by 6 minutes, the excess pore water pressures
clearly followed a parabolic distribution. Shirako et al. (2009) initiated to unload from

the primary consolidation stage, where excess pore water pressure was still positive (du >

0). Under this condition, the excess pore water pressure distribution became more

complex, as illustrated in Figure 2-9. After unloading, negative excess pore water

pressures were generated near the drainage boundary, while positive pressures remained

in the regions farther from the drainage surface. In this condition, the excess pore water

pressure distribution did not follow the conventional parabolic distribution predicted by

classical consolidation theory.
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Figure 2-8 Isochrones of excess pore water pressure during unloading in secondary

consolidation (4u = 0) (Watabe et al. 2009)
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2.2.2 Existing models for unloading behavior of soils

There are many models for predicting long-term unloading behavior after removing
the preload, and two recent models will be mentioned in this chapter. However, there is
not enough focus on the swelling process of marine clay, which plays a crucial role in the
unloading behavior. Although most of the current models pay more attention to the creep
after the swelling process in order to calculate the residual settlement, they also cannot
perform well at high overconsolidation ratios. Moreover, no models can perform long-
term swelling behavior and fit the unloading CRS consolidation test greatly; almost all of
them were proposed based only on the result of incremental loading oedometer tests.

The EVP (Elasto-Viscoplastic) model from Vergote et al. (2021) thought the creep
after unloading was a strain rate-dependent behavior. The model is based on a rule that
creep strain after unloading is linear with strain rate in the log scale. However, the model
takes the swelling process as a transient behavior that plays a crucial role in the unloading
behavior. As the data shown in Chapters 4 and 5, the experimental results support the
swelling process as a strain rate-dependent and visco-plastic behavior. The model is also

highly dependent on the initial strain rate of creep, it is difficult to find when the creep
20



after swelling starts.

The elastic visco-plastic (EVP) model of Yuan and Whittle (2018) can behave within
hypotheses A or B (Ladd et al. 1977) by selecting a rate sensitivity parameter /. It can fit
greatly at OCR<1.3 conditions. However, this model has many parameters and is difficult
for engineers to apply.

From the field data, the relationship between OCR and depth does not follow a linear
distribution (Cascone and Biondi 2013; Rujikiatkamjorn and Indraratna 2007), as shown
in Figure 2-10. As the depth approaches the ground surface, the OCR increases to a high
value.

In addition, all of the previous models are complex and have too many parameters,
and some of them used the experimental data one decade ago without their own
experimental data.

To improve the lack of current models, it is necessary to focus on the long-term
swelling behavior and pay more attention to the high OCR conditions. Develop the model
to fit the test results of the unloading CRS consolidation test. Design the experiment for
the particular objective; as a researcher, it is convenient and reliable to research the

experimental characteristics by their tests.
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Figure 2-10 Relationship between OCR and depth from two case studies (Left:
Rujikiatkamjorn et al. 2007, Right: Cascone et al. 2013)
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Chapter 3 Marine clay samples

This study applied constant rate of strain (CRS) consolidation tests and incremental
loading oedometer tests from loading to unloading on Ariake clay, Louiseville clay and

Onsoy clay.
3.1 Ariake clay

Ariake clay is a well-known sensitive marine clay through previous studies (Ohtsubo
et al. 1982; Hanzawa et al. 1990; Tanaka 2000; Tanaka et al. 2001; Hong et al. 2006;
Watabe et al. 2012). The Ariake clay is a high-plastic marine clay around the Ariake Sea
in Kyushu, Japan (Hanzawa et al. 1990). The Ariake clay in this study was sampled at the
same location as Hanzawa et al. (1990). The physical properties of the clay samples are
indicated in Table 3-1. Ariake clay, which has a significantly high initial void ratio
(average ep= 3.37) sampled from G.L. -7.00 to -7.80 m, was mainly used in this study.
Figure 3-1 shows the compression curves of Ariake clays and comparison with previous
research. The samples from previous research were obtained at a shallower depth (G.L. -
4.2 m). The discrepancy in compressibility observed in the two CRS consolidation tests
can be attributed to two primary factors. First, the differences in natural water content (wy)
and plasticity index (/,) between the different depths of the Ariake clay significantly
influence compressibility (C.) at various depths. Second, overconsolidation occurs due to
different reasons: the upper layer (above -7.5 meters) exhibits quasi-overconsolidation
due to chemical bonding, whereas the layer between -7.5 and -15 meters is predominantly
influenced by secondary compression (Hanzawa et al. 1990). These distinct mechanisms

lead to variations in compressibility characteristics.
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Table 3-1 Physical properties of Aiake clay examined in this study

Particle  Natural
_ Liquid Plastic Plasticity Clay Silt
Depth density water o o . ) _
Sample limit limit index fraction fraction eo
(m) Ps content %) %) S %) %)
WL (70 W 0 0 0
Mg/m®)  wn (%) ! ’
Ariake clay 7.00-7.80 2.605 129.5 115.5 45.2 70.3 62.0 36.0 3.37
4.4
i —l— Ariake 7.00-7.80 m Incremental Loading Oedometer
4.2 —@— Ariake 4.2 m Incremental Loading Oedometer (Hanzawa et al. 1990)
4.0 i Ariake 7.00-7.80 m CRS Test (+3.3x10%s)
| Ariake 4.2 m CRS test (Hanzawa et al. 1990) (+3.3x10% s™)
38 F
3.6 -
34
32 F
v 3.0
28
2.6 |
24 F
22 F
20
1.8
1 6 -1 L PR R 1 L L 1 PR | 1 1 1

107

Consolidation pressure (kPa)

Figure 3-1 Compression curves of Ariake clays

23



3.2 Louiseville clay

The physical properties of Louiseville clay are shown in Table 3-2. Louiseville clay

is a Champlain Sea clay widely distributed in Quebec, eastern Canada, and is a very

sensitive clay with a significant cementation effect and mechanical overconsolidation.

The main component of the clay particles is glacial rock flour mainly consisting of fine

quartz. Louiseville clay’s characteristics are described by Leroueil et al. (2003).

Table 3-2 Physical properties of Louiseville clay

Particle Clay Silt
Depth Wn
Sample density I, fraction  fraction €o
(m) (%)
(g/cm?) (%) (%)
Louiseville 15.00-15.70 2.767 67.6 52.6 65.0 35.0 2.03

3.3 Onsgy clay

The physical properties of Onsey clay are shown in Table 3-3. The Onsoy clay,

sampled from Norway, is a very homogeneous clay with fine particles mainly consisting

of glacial rock flour. The characteristics of this clay are described in Lunne et al. (2003).

Onsgy clay has a large clay content (74.3%), and the water content and plastic index are

the smallest among these three kinds of soil.

Table 3-3 Physical properties of Onsgy clay

Particle Clay Silt
Depth ) Wn
Sample density 1, fraction  fraction €0
(m) (%0)
(g/cm?) (%) (%)
Onsey 19.00-19.85 2.756 543 46.9 74.3 25.7 1.42
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Figure 3-2 Compression curves of the three marine clays

Consolidation characteristics of marine clays

Figure 3-2 presents a comparison of the compression curves for the three marine
clay samples, Ariake clay, Louiseville clay, and Onsey clay, examined in this study.
Among them, Ariake clay exhibits the highest compressibility, which is consistent with
its higher water content and lower yield stress. Louiseville clay demonstrates a clear yield
point, followed by a sharp increase in compressibility. This characteristic results from the
effects of cementation and mechanical overconsolidation in a sensitive clay matrix.
Onsey clay displays intermediate behavior. Compared to Ariake clay, Onsgy clay has a
lower compressibility and a higher yield stress.

Table 3-4 presents the hydraulic conductivity and coefficient of consolidation of the
three marine clays. Among them, Ariake clay exhibits the highest compressibility and

permeability, which can be attributed to its high water content and initial void ratio. Onsey
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clay, characterized by weak structural bonding, shows intermediate behavior in

comparison with the other two clays.

Table 3-4 Hydraulic conductivity and coefficient of consolidation of marine clays

Sample Ariake Louiseville Onsgy
cv (cm?/d) 220 23 39
k (m/s) 2.3x10°° 3x1010 4x10710

Specimen preparation and controlled testing conditions

All the specimens for both CRS consolidation tests and incremental loading
oedometer tests in this study were trimmed to a dimension of 60 mm in diameter and 20
mm in thickness. The specimens were placed into a rigid steel ring, and the internal
surface of the ring was lubricated with grease to minimize the possible friction. Filter
papers were used on the top and bottom of the specimen to avoid the entry of clay particles
into the porous stones. During all the tests, the temperature in the laboratory was

maintained at 25+1°C.
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Chapter 4 CRS consolidation test

4.1 Apparatus

The set-up of the constant rate of strain (CRS) consolidation test is illustrated in
Figure 4-1 and Figure 4-2. The specimen examined in this study possessed a diameter of
60 mm and an initial height of 20 mm. The device consists of axial displacement control
and back-pressure application systems. Throughout the experimental procedure, the
specimen’s upper surface was maintained in a drained boundary condition, and the bottom
of the specimen was in undrained boundary condition. Water pressure was measured at
the bottom by connecting a porewater pressure transducer. A back pressure of 200 kPa
was applied to enhance marine clay’s high degree of saturation. The axial displacement,
axial load and excess pore water pressure at the bottom of the specimen were recorded by
data acquisition system. CRS consolidation tests were carried out according to Japanese
Industrial Standard JIS A 1227 (JSA, 2000a).

For the CRS consolidation test, assuming that the distribution of excess pore water
pressure within a specimen is in parabolic shape curve (JSA, 2000b), the average effective

vertical stress oy, in a specimen is calculated from the following Equation 4-1:
2
Oy = 0y —3Up 4-1)
where oy, is the total vertical stress, and uy, is the excess pore water pressure at the bottom

of the soil specimen.
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Figure 4-1 Schematic illustration of experimental setup (CRS consolidation test)

Figure 4-2 Photo of experimental setup (CRS consolidation test)
28



4.2 Constant unloading strain rate consolidation test

4.2.1 Test methods

First of all, to clarify the shape of isotache lines during the unloading process and
the relationship between different isotache lines, the constant unloading strain rate
consolidation test was applied to Ariake clay.

A series of CRS consolidation tests were carried out. For all the CRS consolidation
tests in this study, the samples were compressed under a multi-stepwise strain rate
(+3.3x10% st — +3.3x107 s — +3.3x10® s) until approximately 550 kPa, then
unloading tests were carried out.

As for the unloading process, constant unloading strain rate was used in the No. 1
and No. 2 tests, under a constant unloading strain rate of -3.3x10° s7! and -3.3x10% 57!,

respectively, as shown in Figure 4-3.

Stress =550kPa

g

Loadjng +3.3x10°¢s!

+33x107s!

+3.3x10%g!
Constant unloading strain rate

Strain

%\i

Figure 4-3 Diagram of experimental methods in constant unloading strain rate
consolidation test
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4.2.2 Test results

The experimental results obtained from the three tests measured by CRS
consolidation tests of Ariake clay include relationships of strain and consolidation stress.
Using the point where the unloading began as a reference point, the strain is transformed
to the incremental void ratio, and the effective consolidation stress is normalized by the
maximum one.

Figure 4-4 depicts an enlarged unloading section and a short section of compression
near the reference point. Strain rate dependency is observed during unloading process.
The curve of unloading at 3.3x10® s! (No. 2 test) is drawn at upper position than that of

3.3x10° s7! (No. 1 test).

No.1 test
20 No.2 test
No.3 test
1.5 F
>
R=
g 1.0
wn
05|
0.0 |
| | | I | " | 1 | 1 1
109 8 7 6 5 4 3 2 1

Figure 4-4 Enlarged the unloading part of the CRS consolidation tests
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4.3 Multi-stepwise unloading strain rate consolidation test

4.3.1 Test methods

CRS consolidation test was carried out to make clear that the isotache lines are
equally spaced, which is the same as the loading consolidation behavior or the difference
between two neighboring isotache lines becomes larger with OCR (over-consolidation
ratio, OCR = 0’ .5/ 0") grows. Also, try to develop a way that can evaluate the strain rate
dependency from the CRS consolidation test for one soil specimens.

In this study, CRS consolidation tests were conducted for the Ariake clay, Onsgy
clay and Louiseville clay. The physical properties of the clay samples have been shown

in Table 3-2 of Chapter 3.

For all of the three kinds of clays, the same method, as shown in Figure 4-5, was
carried out. During the consolidation process, the samples were loaded under a multi-

stepwise strain rate (+3.3x10°¢ s — +3.3x107 s'' — +3.3x10® s°!) until approximately

550 kPa, afterwards the unloading test was carried out. Using this method, the strain rate
dependency is able to be evaluated. During the swelling process, the samples were
unloaded under a series of strain rates (-3.3x107 s' — -3.3x10®¥ s! — -3.3x107 57! — -
3.3x10° s — -3.3x107 s7"). Same as the loading part, the strain rate dependency can

also be evaluated during the unloading part.

31



Stress ~550kPa

n

Loadjng +33x106s!
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—
Wﬁ\i

Figure 4-5 Diagram of experimental methods in multi-stepwise unloading strain rate
consolidation test

4.3.2 Test results

Figure 4-6 shows the data of No. 3 test (multi-stepwise unloading tests at three
different strain rates) in the same field as Figure 4-4. As the strain rate changes, the
adjusted value during the unloading process is much smaller than that during the
compression process. As shown in Figure 4-7 and Figure 4-8, enlarged different multi-
stepwise unloading strain rate periods, the unloading curve rises as the unloading strain
rate decreases, and it turns to the left as the unloading strain rate increases. Therefore, this
result supports establishing a model based on the isotache concept. Also, contrary to the

consolidation part, the lower strain rate line is upper on the higher strain rate line.
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Figure 4-6 Relation of strain versus OCR of different unloading strain rates

0.5

Strain (%)

0.3

02

Figure 4-7 Enlarged varying unloading strain rate part (-3.3x107 s* — -3.3x10% s1)

+3.3x10¢ ¢!
+3.3x107 s
+3.3x107% s

O

o

3

+3.3x100 g
+3.3x107 57!
+3.3x10% ¢!

OCR
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+3.3x10% s
+3.3x107 5!
+33x107% s

10

OCR

Figure 4-9 Compression and swelling curve for Ariake clay measured by unloading
CRS consolidation test
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Figure 4-10 Compression and swelling curve for Louiseville clay measured by
unloading CRS consolidation test
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Figure 4-11 Compression and swelling curve for Onsgy clay measured by unloading
CRS consolidation test
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The test results of the multi-stepwise unloading strain rate consolidation tests are
presented in Figure 4-9, Figure 4-10 and Figure 4-11. By magnifying the unloading stage,
the effect of unloading strain rate variations on the behavior of the three clays can be

clearly observed. The overall trends are generally consistent across the different soil types.

Computing method for isotache lines

Determining a fitting line according to the data of the middle strain rate (+3.3x1077
s!) as a reference isotache line of that strain rate (the green dotted line during the
unloading stages in Figure 4-9 to Figure 4-11).

Afterwards, horizontally, moving this reference isotache line to fit the isotache lines
of other strain rates.

Lastly, evaluating the values of Cs/Cs or Ceo/Ce, which is the distance between the

neighboring isotache lines.

Using the ratio of Cso/Csto Cea/Cc to compare the strain rate dependency

From the test results of the three kinds of marine clays, the ratios of Cso/Csto Ceo/Ce
are from 0.25 to approximately 1.00 as shown in the Table 4-1. However, it seems the
ratio between 3.3x10° s'! and 3.3x1077 s”! is significantly larger. This may be because the
unloading strain rate was changed at high OCR, and the details about the influence of
OCR during the unloading process will be discussed in the next chapter. The CRS
consolidation test results from these three kinds of marine clays appear to be within the
same range.

The author also calculated the values of other clays, Mal2 Osaka Bay clay (Watabe
et al., 2010), Mal3 Osaka Bay clay, and Kasaoka clay (Tanaka et al. 2014). The ratio of

Cso/Cs to Ceo/Ce 1s also from 1/4 to approximately 1, and the ratio tends to increase with
OCR (0'1ax/0") increasing. The results are similar to the range of the values of Ariake
clay, Louiseville clay, and Onsgy clay. It means that in some marine clays, the strain rate

dependency of compression and swelling has a similar relationship.
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Table 4-1 Comparison between C./Cc and Cso/Cs

Strain rate (+ s) Ariake Louiseville Onsgy

Cu/Cc(Loading)  3.3x109-3.3x107  0.04035 0.06328 0.04287
CulCo(Loading)  3.3x107-3.3x10¢  0.04180 0.04658 0.03165
(Urﬁg’; gisng) 33x10°-3.3x107  0.03458 0.06810 0.04311
(Urﬁg’é gisng) 33x107-3.3x10¢  0.00881 0.01299 0.00604
Ratio 3.3x10°-3.3x107  0.85700 1.07617 1.00560
Ratio 33x107-3.3x10% 021077 0.27888 0.19084

(Ratio in Table 4-1 equals to <</%)
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Chapter 5 Incremental loading oedometer

test

5.1 Apparatus

Incremental loading oedometer tests were conducted at two institutions: Hokkaido
University and Port and Airport Research Institute (PARI). Figure 5-1 presents the
experimental setup at Hokkaido University, while Figure 5-2 shows the apparatus used at
PARI. A detailed schematic of the Incremental Loading (IL) oedometer test configuration
at PARI is provided in Figure 5-3. The long-term unloading oedometer tests (preloading
4 hours and 36 hours) for Louiseville clay and Onsey clay were conducted at PARI. The
other tests were carried out at Hokkaido University.

All the soil samples had a diameter of 60 mm and a height of 20 mm. During the test,
drainage was allowed at both the top and bottom surfaces of the specimen. Moreover, a

data logger is recording the axial displacement and the elapsed time during the test.

Figure 5-1 Photo of experimental setup (IL test at Hokkaido University)
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Figure 5-2 Photo of experimental setup (IL test at PARI)

B =

Displacement m
lacen

specimen

Figure 5-3 Diagram of experimental installation (IL oedometer test)
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5.2 Four-stage unloading oedometer test

5.2.1 Test methods

To make clear the relationship between strain rate dependency and OCR
(overconsolidation ratio = ¢’ ;4 /0") during unloading process, incremental loading (IL)
oedometer tests were carried out to Ariake clay, Louiseville clay and Onsgy clay.
Moreover, compared to the CRS consolidation test, the incremental loading (IL)
oedometer test can directly calculate the Cs and C, by the following equations instead of

measuring the distance between two neighboring isotache lines as Cso/Cs.
Ae
A logp
C = Ae
S Alogt

S

In this series of tests, as shown in Figure 5-4, Incremental loading oedometer test
was conducted following JIS A 1217 (JSA, 2000b) except the final loading step and the
unloading process. Incremental stress ratio was unity, and every step lasted 24 hours. The
soil sample is 60 mm in diameter and typically 20 mm in height.

According to the previous research (Vergote et al. 2019, 2022), the unloading
behavior is strongly affected by the longer preloading time, which also affects the strain
rate at the end of preloading. To avoid this effect from the final loading step, the final step
of loading was defined to take 36h, including creep, and the final strain rate is about
3.3x10® s7!, which is the same as the strain rate where CRS consolidation test started to
unload. What’s more, the applied pressure in the final step of loading is 549.5 kPa which
is close to the maximum pressure in CRS consolidation test. The same applies to the

loading process, and every step takes 24 hours during the unloading process.
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Table 5-1 Applied loads and corresponding vertical pressures during loading stage

Loaded mass (kg) 0.1 0.2 04

16 32 56(36h)

Loading stress (kPa) 9.8 19.6 39.2

157 314 549.5

Table 5-2 Unloading path and corresponding OCR values

Loaded mass (kg) 5.6 (36h) 4.0 1.6 0.8

Unloading stress (kPa) 549.5 392.5 157 78.5

OCR 1 1.4 35 7

OCR
» Loading
g
2]
=
)
[ 36h (creep)
Unloading

Figure 5-4 Diagram of experimental methods in oedometer test
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5.2.2 Test results

The unloading behavior in four unloading steps

The experimental data from the incremental loading oedometer tests recorded by a
data logger include the axial displacement and the elapsed time. The strain can be
obtained by dividing the axial displacement by the sample’s height, and the loading
pressure can be calculated from the loaded weight.

Taking the point where the unloading process began as a reference point, the strain
is transformed to the incremental void ratio. The relationship between strain and elapsed
time during the unloading process of Ariake clay, Louiseville clay, and Onsgy clay
measured by incremental loading oedometer test was shown from Figure 5-5 to Figure
5-7. The author utilized a fitting strain-elapsed time curve to fit the experimental data by
the Origin program due to much noise in the data. Afterward, calculating the differential
of the fitting strain-elapsed time curve as the strain rate-elapsed time curve. The red, green
and blue points from Figure 5-5 to Figure 5-7 respectively express the points
corresponding to different strain rates of -3.3x10°¢ s, -3.3x107 s! and -3.3x10® s’ in

different steps of unloading process.

Ariake clay
22
ol | @ 33x10°s!
' @ -33x107s! OCRT
18T @ 33x10¥gl[ -7 T ---|1.8374
1.6
1.4 vY
S22k
£
10} OCR3.5
v

~710.8879

OCR 233
~|0.4989

__10.1451

10° 10! 10° 10° 10* 10°

Time (s)

Figure 5-5 Relationship between incremental strain and elapsed time during unloading
process measured by oedometer test (Ariake clay)
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Louiseville clay

2.0
I -6 -1
sl Qo -3.3><10_7s_l OCR 7
- @ -3.3x107 s --m-m e --1.7526
@ -33x10%s!

0.9477

0.5366

0.0801

10° 10! 10 103 104 10°
Time (s)

Figure 5-6 Relationship between incremental strain and elapsed time during unloading
process measured by oedometer test (Louiseville clay)

Onsgy clay

1.2289

0.7309

0.3855

0.1888

00 PR 1 s s el PEETETETEETT | PR EEETT | i1 sl sl
10° 10' 10 10° 104 10°

Time (s)

Figure 5-7 Relationship between incremental strain and elapsed time during unloading
process measured by oedometer test (Onsgy clay)
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The isotache lines compared to multi-stepwise unloading strain rate test results

Figure 5-8, Figure 5-9, and Figure 5-10 show the relationship between incremental
strain and p'/p'max, including the same unloading strain rate points in the same kind of
marine clay from Figure 5-5 to Figure 5-7. The orange points express the final void ratio
according to the different steps. The CRS consolidation test results from the same kind of
marine clay were also described in the figures to compare with unloading process data of
the incremental loading oedometer test.

However, it appears that the unloading behavior is in the same range between the
CRS and IL tests only in the case of Ariake clay. In Louiseville clay and Onsey clay, the
test results are inconsistent during the unloading process. One possible explanation for
this inconsistency is that different soil specimens were used in the CRS and IL
consolidation tests for Louiseville and Onsgy clays, whereas the Ariake clay specimens
for both tests were obtained from the same material sample ID number (i.e., almost the

same depth of the same borehole), Saga Ariake 05-21 @. Although all specimens used in

this study are marine clays sampled within a one-meter soil layer, Table 5.1 demonstrates
that there are still significant differences in water content and initial void ratio across
samples, which may influence the test outcomes.

Another possible reason for the observed inconsistency is the incompatibility
between the compression containers and the testing apparatus used in these two sets of
experiments. Specifically, it was not possible to directly measure the piston displacement
using an LVDT (Linear Variable Differential Transformer) sensor, which is typically
required for accurate strain calculation. Instead, vertical displacement was inferred from
measurements taken at the top crossbeam. This measurement approach introduced
additional possible sources of error. In particular, during the transition from the preloading
process to the unloading process, slight mechanical disturbances by the lever caused
slippage between the LVDT sensor and the crossbeam, leading to deviations in the
recorded data. This is further supported by the fact that most of the deviations are

observed during the first unloading stage.

44



Ariake clay
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[ Oedometer test (24h)
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20 - OCR7 —@—-3.3x107 5!
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0.0 |

Figure 5-8 Relationship between incremental strain versus OCR,
including the same unloading strain rate points (Ariake clay)

Louiseville clay

3.0
[ —— CRS test \
[ Oedometer test (24h) \
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Figure 5-9 Relationship between incremental strain versus OCR,
including the same unloading strain rate points (Louiseville clay)
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Onsey clay
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Figure 5-10 Relationship between incremental strain versus OCR,
including the same unloading strain rate points (Onsgy clay)

Table 5-3 Clay samples’ properties in the CRS and Incremental Loading (IL) oedometer

tests
Test Material sample ID number Depth (m) Wh (%) €0
CRS Saga Ariake 05-21 (4) 7.35-7.45 137.73 3.58
IL Saga Ariake 05-21 (2) 7.35-7.45 137.34 3.55
CRS Louiseville No.2-13 (4) 15.25-15.35 74.27 2.03
IL Louiseville No.2-13 (2) 15.45-15.55 68.42 1.87
CRS Onsgy Bor.3-13 (2) 19.65-19.75 51.48 1.42
IL Onsgy Bor.3-13 (5) 19.35-19.45 54.59 1.49
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Cso/Cs measured from incremental loading oedometer tests

Cs and Cs, can be calculated respectively according to the test results from
incremental loading oedometer test, and the values of Cs,/Cs are shown in Figure 5-11-
Figure 5-13. The values of Cs/Cstend to increase as OCR increases, which means the
strain rate dependency becomes stronger when OCR becomes higher.

The values of Cso/Cs measured from incremental loading oedometer tests are in the
same range with the values from CRS consolidation tests in Table 4-1. Have explained in
Chapter 4, it seems the ratio between £3.3x10° 5! and £3.3x10”7 s”! is significantly larger,
because the unloading strain rate was changed at high OCR. In the CRS consolidation
tests, the unloading strain rate seems to change from -3.3x1077 s”! to -3.3x10% s! at OCR
1.25-2.00, and changed from -3.3x107 s! and -3.3x10° s'! at OCR 4-7. The values of
Cso/Cs from CRS consolidation test have a great agreement with incremental loading
oedometer tests in that OCR range.

As shown in Figure 5-12 and Figure 5-13, Cs/Cs is larger between -3.3x10¢ s and
-3.3x1077 s°! than that between -3.3x107 s! and -3.3x10® s'!, which means the unloading
strain rate dependency tends to become stronger with unloading strain rate increases. This
phenomenon is consistent with the loading behavior, yet it seems not apparent as for the
results from Ariake clay. This part needs further researches, such as enlarge the evaluate

range of the unloading strain rate.
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Ariake clay
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Figure 5-11 C,/Cs measured by incremental loading oedometer test (Ariake clay)
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Figure 5-12 C,,/Cs measured by incremental loading oedometer (Louiseville clay)
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Onsoy clay
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Figure 5-13 C,./Cs measured by incremental loading oedometer test (Onsgy clay)

Figure 5-14, Figure 5-15 and Figure 5-16 show the incremental strain-elapsed time
relationship (black points). The smaller gray points denote the logarithmic unloading
strain rate (log €) against the logarithmic elapsed time respectively, in Ariake clay,
Louiseville clay, and Onsey clay.

To calculate the unloading strain rate, firstly, solve the noise from the data of strain
by moving average method. Secondly, calculate the differential of strain as the strain rate
directly, rather than using the fitting strain-elapsed time curve in Chapter 4.3.1. This
method, can avoid overfitting of the unloading strain rate.

The relationship between log & and log ¢ was fitted by a linear line, which is
represented by the red line in Figure 5-14 to Figure 5-16. The fitting parameters R? are
shown in Table 5-4. Except the OCR 1.4 condition of Ariake clay and Louiseville clay,
all of the fitting parameters are larger than 0.9. This means that, after the end of the elastic
part of expansion, the logarithmic unloading strain rate induced by secondary swelling
varies linearly against the logarithmic elapsed time (log 7). The fitting parameters perform

better in the higher OCR conditions because the swelling value are significantly larger.
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The data analysis was less influenced by the noise of data logger.
This result demonstrates the strain rate-based behavior induced by viscosity of clays
plays an important role in unloading behavior and supports to develop a visco-plastic

model for the unloading behavior of marine clays based on the isotache concept.

Table 5-4 Fitting parameters (R?) for the three kinds of marine clay

OCR 14 OCR 2.33 OCR 3.5 OCR7

Ariake clay 0.83472 0.94121 0.93559 0.98112
Louiseville clay 0.86204 0.97969 0.96778 0.98241
Onsey clay 0.92164 0.94092 0.95613 0.99017
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(a) Ariake clay (OCR = 1.4) (b) Ariake clay (OCR = 2.33)
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Figure 5-14 Relationship between incremental strain, logarithmic unloading strain rate
and log t (Ariake clay): (a) OCR =1.4; (b) OCR =2.33; (c) OCR =3.5; (d) OCR =7
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(a) Louiseville clay (QCR = 1.4) (b) Louiseville clay (OCR = 2.33)
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Figure 5-15 Relationship between incremental strain, logarithmic unloading strain rate
and log t (Louiseville clay): (a) OCR =1.4; (b) OCR =2.33; (¢c) OCR =3.5; (d) OCR =7

52



(a) Onsoy clay (OCR=1.4)
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(b) Onsoy clay (OCR =2.33)
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5.3 Long-term unloading oedometer test

5.3.1 Test methodology of unloading behavior for marine clays

Swelling occurs due to the reduction of effective stress. For the large load reduction,
long-term swelling occurs (Mesri et al. 1978). The oedometer test result (Alonso and
Navarro 2005) showed that the unloading behavior was significantly affected by
preloading time. In some published oedometer test results (Tanaka et al. 2014; Mesri et
al. 2017), recompression occurred after swelling during unloading process. To observe
this behavior, Ariake clay was examined in long-term unloading oedometer tests with a
group of OCRs (overconsolidation ratio, defined as ¢'p,,4/0") and preloading duration.

Figure 5-17 illustrates test processes in long-term unloading oedometer tests. The
loading pressure changed in the order as shown in Table 5-5, in long-term unloading

oedometer tests.

Table 5-5 The loading procedures in long-term unloading oedometer tests.

At the target

Pressure (kPa) 19.6 39.2 78.5 157 314
OCR

Loading
) 05h 05h 05h 2h 0.5,40r36h 3 weeks
duration

The loading process includes six stages, and the incremental loading ratio is unity.
A 24-hour duration is conventionally adopted for incremental loading oedometer tests,
despite the lack of a theoretical basis for doing so. This practice probably stems from
practical convenience in laboratory testing procedures. However, to shorten the
experimental time, the preliminary three stages (19.6 kPa, 39.2 kPa and 78.5 kPa) were
carried out for 0.5 hours each and the stage before the final loading stage (the 4th stage,
loading to 157 kPa) was conducted for 2 hours to avoid excess water pressure’s effect,
ensuring all the water pressure dissipated. In the present study, the final loading stage is

termed the preloading stage, where clay samples were preloaded until the target strain
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rate. Before conducting the series of tests mentioned above, a long-term loading
oedometer test without unloading was carried out. Subsequently, the relationship between
strain rates at the end of preloading and preloading time became clear as the right graph
in Figure 5-17 (EOP is the end of primary consolidation: all the excess pore water pressure
dissipates resulting in total stress equals to effective stress. It was calculated by the square
root of time method and corresponded to the degree of consolidation equal to 100%).
Three kinds of preloading time were used in this study corresponding to different strain
rates at the end of preloading, as shown in Table 5-6. During the unloading process of
Ariake clay, the clay samples were unloaded to five different overconsolidation ratios
(OCRs) and kept for three weeks. In total, this series of long-term unloading oedometer
tests conducted 16 test cases to investigate the unloading behavior of the Ariake clay,

including one reference test (OCR = 1).

(a) (b) Time (s)
loge oc=314kPa 107 10° 10! 102 10° 10* 10° 10° 107

A (e=0)

Strain (%)

Unloading

EOP

0.5h, 3.3x10%s™!
6 -

Preloading step 4h. 3.3%1077 5! 4 e »
E > 36h, 3.3x10% 57!

logOCR 4 2 16 135 L1

Figure 5-17 Hlustration of experimental methods (Long-term unloading oedometer test).
(a) Experimental flow of long-term unloading oedometer; (b) Unloading in the
preloading stage corresponding to different loading strain rates
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Table 5-6 Relationship between strain rates at the end of preloading and preloading time

Preloading time (h)

Ariake Onsoy Louiseville
Strain rate at the end of preloading
+3.3x106 5! 0.5 0.5 1
+3.3x107 s 4 4 4
+3.3x108 5! 36 36 24

5.3.2 Unloading test results and discussion

Figure 5-18, Figure 5-19 and Figure 5-20 show the long-term unloading oedometer
test results of Ariake clay, Louiseville clay and Onsey clay, respectively. The temporal
variations of total strain according to three kinds of strain rate at the end of preloading
stage (different preloading time) and four or five kinds of OCR (=0",,5/0") are shown in
Table 5-6 and Figure 5-17. Obviously, with increasing of OCR or decreasing of the strain
rate at the end of preloading stage, the start of recompression of clay will be delayed.
Moreover, when the OCR is large enough (> approximately 1.8) or the strain rate at the
end of preloading stage is small enough, the clay was continuously swelling and
recompression never appears.

In the cases of Louiseville clay and Onsgy clay, when OCR is 4 and the strain rate at
the end of the preloading stage is +3.3x10® s, the observed swelling behavior is
significantly delayed compared to other tests conducted at the same OCR value. This
discrepancy is because both soil samples were obtained approximately 20 years ago,
resulting in limited sample availability. To maximize the use of these scarce samples, a
modified constant-rate-of-strain (CRS) consolidation test method was adopted.
Specifically, the samples were unloaded at a strain rate of -3.3x1077 s until the stress level
corresponding to OCR 4 was reached. Subsequently, the stress was kept constant, and the

specimen turned to a long-term swelling condition. This approach enabled the acquisition
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of both the reference unloading curve and the swelling response under constant stress

condition associated with OCR 4 from a single specimen.
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Figure 5-18 The relationship between incremental strain and log t in unloading
according to different OCR and strain rates at the end of preloading (Ariake clay)
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Figure 5-21 and Figure 5-22 illustrate the cases of preloading 4 hours condition and
an OCR 1.14 condition, respectively, in order to investigate the influence of one factor
while keeping another one constant. Figure 5-21 shows that not only does the swelling
strain increase due to the removal of high stress, but the recompression phenomenon is
also progressively delayed and eventually disappears. On the other hand, Figure 5-22
demonstrates that, as the preloading duration increases, the residual recompressive strain
is significantly reduced and the recompression phenomenon is progressively delayed,
although the swelling strain remains relatively consistent among different preloading
durations. These results suggest that, comparatively, the magnitude of swelling strain is
primarily governed by the overconsolidation ratio (OCR), while the occurrence and
magnitude of the recompressive settlement are jointly influenced by both OCR and the

preloading duration.
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Figure 5-23 Relationship between strain and elapsed time according to different OCR
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The relationships between incremental strain and logarithmic time of long-term

unloading oedometer test, which was unloaded to different OCR after 4-hour preloading

are shown in Figure 5-23. At elapsed time of 4 hours in preloading, the marine clay’s
strain rate is about +3.3x107 s°!, then unload. Different swelling strain rate points were
plotted as different colors in the figure, which were directly calculated using the data
presented in Figure 5-23. The test result without unloading was also plotted on the figure

as OCR 1 and offset the elapsed time (# = 0) and strain (& = 0) at which the strain rate was

+3.3x107 s! for comparison with the unloading test result. Similar to the constant stress
loading process, the swelling strain during unloading also tends to approach a swelling
limit, as indicated by the red dashed line in Figure 5-23. These two lines for OCR 2 and

OCR 4 are calculated from the new model, which will be discussed in later chapters.
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Figure 5-24 Relationship between strain and OCR in terms of the same unloading strain
rate points.
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The relationship between incremental total strain and OCR is shown in Figure 5-24,

with the constant strain rate of -3.3x107 s! unloading curve obtained from the CRS

(constant rate of strain) consolidation test drawn as the green curve. The unloading curve
obtained from CRS consolidation test has a remarkable agreement with the strain rate
point obtained from long-term unloading oedometer test started from the same strain rate
at the end of preloading (+3.3x107 s). As time progresses, the swelling strain rate of the
clay sample gradually slows down. Therefore, the lower strain rate points are plotted
upper than the larger strain rate points. The distance between different unloading strain
rate curves grows with the increase in OCR, while the normal consolidation domain, in
which the different loading strain rate curves (isotache compression curves) are parallel.
The following sections will first quantitatively describe this characteristic behavior in
swelling different from normal consolidation, and then based on the results of the
quantitative description, a simulation model for swelling will be established in the

following section.
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Chapter 6 Visco-plastic model for marine

clay

6.1 Visco-plastic model for normal consolidation domain

Watabe et al. (2008; 2012) investigated the long-term consolidation behavior of
Pleistocene clays at Kansai International Airport in order to enhance the settlement
prediction accuracy and proposed a new equation to express the strain rate dependency

of consolidation yield stress o', by applying the isotache concept (Suklje 1957). The
experimental data (Watabe et al. 2012; Watabe and Leroueil 2015) show that the Ceo/C-

(Ceq generally denotes as C,, the coefficient of secondary consolidation in void ratio (= A
e/Nlog t) to differentiate it from unloading behaviors, this paper employs “C,” instead of

the traditional “C,”) is not constant during long-term loading oedometer test. Moreover,
the constant C.,/C. concept suggests that settlement would continue indefinitely over an
infinite elapsed time, which is not consistent with common sense. There is a comparison
with constant C./C. concept and variable C./C. concept in Figure 6-1. The value of
Ceo/C. tends to decrease when strain rate decreases to a small value, as shown in Figure
6-1 (b). Therefore, instead of the constant C.,/C. concept proposed by Mesri and Castro
(1987), a nonlinear relationship between C./C. and strain rate was adopted in the new
equation, as Eq. (6-1). When &, decreases toward zero in Eq. (6-1), o"p converges
toward o'y, as shown in Figure 6-1 (a). It has a great agreement with the test result under
constant loading stress conditions such as incremental loading oedometer test as the
Figure 5-17 (b) shows that there is a limit value for compression because the slope of log

t-¢ curve (Cy,) decreases with the strain rate becomes slower. The strain will close to the

limit value with time elapsed.

g

In (

— 1) =c +tcInég, (6-1)

!
b
U,pL

In (":p"—n—c1
¢, = _ oL (6-2)

In10—7
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where ¢; and ¢, are constants, representing the value and slope of the preconsolidation
pressure at a great strain rate (€ =1); &, is visco-plastic strain rate; o’ is
preconsolidation pressure; o', = lower limit of ¢’y at infinitesimal strain rate (¢ = 0);

o - 7 ol
O'po =0 patéy,=+1.0x10"s".

(a) 2 (b) 0.06

L
C /C.=0.04 £0.01

oo e

004 -4 - - m e
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Figure 6-1 Comparison of the integrated fitting curve with the constant C../C. concept:
(a) relationship between o’,/a",, and strain rate; (b) relationship between and Ceo/Ce
and strain rate (data from Watabe et al. 2012)

Figure 6-2 illustrates the method for evaluating the strain-rate dependency in the
normal consolidation domain of marine clay. This model utilizes the constant rate of strain
(CRS) consolidation test results as the reference compression curve. The reference
compression curve undergoes horizontal adjustment to fit with the strain rate data derived
from long-term loading oedometer tests. Following this, Eq. (6-1) articulates a
mathematical relationship among the preconsolidation pressure corresponding to
different strain rates. This demonstrates a unique relationship among effective stress,
strain, and strain rate, i.e., “isotache” during the normal consolidation behavior. Equation
(6-1) can be transformed into power-law creep as Eq. (6-3), which is in conjunction with
overstress visco-plastic theory (Perzyna 1963). In this study, the authors further develop
this model into the swelling stage of marine clay in unloading behavior. Additionally, the

study applied a common parameter J'pL / o"po = (.7 for normal consolidation behavior.
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o_l

évp =c3( pL — 1) (6-3)

1A
O'p

where c3 = exp (-ci/ ¢2) and ¢4 = 1/ ca.
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Figure 6-2 Illustration of the method to evaluate the strain-rate dependency of o', from

the CRS consolidation test and the long-term loading cosolidation test results (Watabe
and Leroueil 2015)

6.2 Developing the visco-plastic model into the swelling stage

There are two distinct cases presented in unloading behavior, as shown in Figure 6-3:

Case 1: Here, if the preloading duration is sufficiently long or the overconsolidation
ratio (OCR) is sufficiently large, recompression does not occur, leading to the generation
of visco-plastic swelling strain. This is illustrated in Figure 6-3 (a), which includes only
primary and secondary swelling.

Case 2: Recompression becomes evident under a more minor OCR condition. Figure
6-3 (b) shows an example where elastic swelling occurs, followed by visco-plastic
swelling and subsequent recompression, as described in Vergote et al. (2021; 2022).
However, the current model does not yet incorporate the visco-plastic recompression
component, which remains a subject of future work.

In the present study, the visco-plastic model proposed by Watabe et al. (2008; 2012)

has been developed to include the swelling behavior in unloading. The new model adopts
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the overconsolidation ratio (OCR=0",,,,4/0") to replace the original effective stress of
compression for facilitating understanding and computation.

Initially, Eq. (6-1) can simulate the relationship between the preconsolidation
pressure and various strain rates in the normal consolidation domain, as shown in Figure
6-4. This relationship enables the delineation of isotache lines for the loading stage,
depicted as the gray lines in Figure 6-5, and the determination of the limiting line for the
compression zone, which is called the limit compression line in this paper. During the

normal consolidation behavior of marine clays, generally, parameter ¢’ /0"y is taken

as constant, usually equal to 0.7 according to Watabe et al. (2012), with the ¢; value
adjusted to fit the test result. For Ariake clay used in this study, ¢; = 1.06 and subsequently,
according to Eq. (6-2), c2=0.118.

In this context, the new model defines the elastic strain during unloading, identified
by the slope of two key points: the beginning point of unloading and the intersection of
the limit compression line with the unloading curve. The new model applied the plastic
rebound concept (Amerasinghe and Kraft 1983; Tachibana et al. 2020) to describe the
swelling behavior of soil. The limit compression line of the loading stage is considered a
critical boundary to distinguish whether the recompression occurs and visco-plastic
swelling will appear for unloading behavior in the new model. Figure 6-6 elucidates the
unloading behavior after preloading, visco-plastic strain after a deduction of elastic strain.

Condition 1 in Figure 6-6 corresponds to Case 1 shown in Figure 6-3 (a): The
unloading stress decrement is large enough that the OCR exceeds the unloading plastic
boundary (the limit line for compression in normal consolidation domain). There is only
visco-plastic swelling strain and elastic strain induced by stress reduction. Condition 2 in
Figure 6-6 corresponds to Case 2 shown in Figure 6-3 (b): The OCR value after unloading
does not exceed the unloading plastic boundary and remains within the elastic domain.
Subsequently, visco-plastic recompression strain occurs after swelling. However, it is
necessary to mention that the swelling process following unloading is not purely elastic.
There is a small visco-plastic part, as the secondary swelling process in Figure 6-3 (b),
the development of swelling occurs progressively over time. While the proposed model
cannot capture this component, the measured plastic strain in such cases is typically

minimal.
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Unloading

Figure 6-5 The definition of elastic strain for unloading behavior in the new visco-
plastic model

Offset

Same strain rate
curves for unloading

Figure 6-6 Illustration of the unloading behavior by the new simplified visco-plastic
model
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Fan and Watabe (2024) set a parameter Cso/Cs (Cso (= |Ae /Alog t|, analogous to Ceq
in loading behavior, the coefficient of secondary swelling in void ratio in unloading
behaviors) to evaluate the strain rate dependency during the unloading behavior of marine
clays as depicted in Figure 6-7. Geometrically, the values of Cso/Cs quantify the horizontal
distance equal to the increment of log ¢’ for one log cycle of strain rate at a constant void
ratio (i.e., xlog ¢') as detailed in (Watabe et al. 2013 and Fan and Watabe 2024). Based on
the experimental data, Cs/Cs is strongly affected by overconsolidation ratio (OCR=
0'max/0") as shown in Figure 6-8. This indicates that as the OCR increases, the distance
between different strain rate lines (on log cycle) increases. This behavior contrasts with
normal consolidation behavior of soil, in which the same strain rate lines remain parallel.
However, the difference between one log cycle strain rate lines in swelling decreases with
the strain rate decreases. This is similar to the normal consolidation behavior. As a result,
the swelling behavior of Ariake clay also can be modeled by a similar form of Eq. (6-1).
In the new viscoplastic model for swelling behavior in unloading, OCR was used instead
of o’,,.

In order to describe the above characteristics of swelling behavior, in this study, the
authors novelly developed a new model that based strain-rate effect for simulating the
swelling behavior in unloading as illustrated in Figure 6-9. The lines with the same strain
rate tend to become close to a limit swelling curve with the strain rate decreases. The
newly developed Eq. (6-4) for swelling is similar to Eq. (6-1) in the loading stage because
the difference between one log cycle strain rate lines in swelling decreases with the strain
rate decreases in the same manner as the loading stage. This modification allows the
model to describe the phenomenon that the distance between different strain-rate curves
increases linearly with the OCR in the swelling behavior of marine clay. Furthermore,
swelling plastic strain only occurs when the OCR exceeds OCRBoundary; at values below
this threshold (OCR < OCRgoundary), solely elastic strain occurs, and there is no strain rate
dependency in elastic behavior.

The absolute values of €, are used in all equations related to swelling behavior in

unloading for simplification and uniformity in the formulas.

log< OCR

OCRBoundary .

In —1]=s5;+s,lné

log( - 2RL___ IR
OCRBoundary

(6-4)
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where 51 and s, are common parameters in the swelling stage; OCRy, is the swelling limit
of OCR at infinitesimal swelling strain rate (£ =0 s™), like o'y, ; OCRy = OCR
corresponding to &, =-1.0 X 107 57!, OCRBoundary is the OCR value of the intersection of
the limit compression line with the unloading curve, the boundary of visco-plastic stage
and elastic stage during unloading behavior in this model (yield point along the unloading
curve).

The following equations adopted the following definitions to simplify the new

equation.
10g<0CRB a )
_ oundary
R= loof —_OCRo___ (6-5)
8 OCRBoundary
< OCRy, )
Here, Ry = 1 at &, =-1.0 x 107 5" and R, = — 288y 5 = 57,
10g<OCRBOur?dary)
Subsequently, Eq. (6-4) can be reformulated as Eq. (6-6):
R .
In (R_L — 1) =51 + 5;1né, (6-6)

In the new model for swelling, a new parameter Ri/R, instead of the parameter

. R . . . o
o' oL/ 0'p0. s1 1s equal to In (E - 1) at é,, = 1, i.e., it represents the relative position of

the log R—log &,,, curve, parameter s, represents the level of strain-rate dependency

during swelling behavior. When &, =-1.0 x 107 s, Eq. (6-3) was turned to the following

equations:
R _
In (R—E— ) = s, + 5,In10~7 (6-7)
ln(%—l)—sl
527 lnL10-7 (6-8)

The 52 value can be directly calculated by Eq. (6-8) while s; is constant in the same
manner as the loading stage and adjusting Ry to fit the test result. Equation (6-7) also can

turn to the power-law creep form:

. R

Eyp = S3 (R_L —1)% (6-9)
where s3 = exp (-s1/ s2) and s4 = 1/ 5.

Figure 6-9 illustrates the proposed visco-plastic model for swelling behavior in

70



unloading. The isotache lines for loading and the limit line for compression are derived
from Equation (6-1). The “Unloading” path, shown in light blue, represents the stress-
strain path of long-term unloading oedometer test, which is the main experimental test in
this study. The symbol corresponding to the arrowed line denotes the distance between
the stress state and the plastic rebound boundary, and it also represents the normalized
ratio of the distance between the stress state corresponding to the reference strain rate of

1x107 57! and the plastic rebound boundary. In this model, the swelling lines associated

with different strain rates form a radial pattern (but not necessary in straight lines),
providing a more accurate representation of swelling behavior.

In this model, both the constant rate of strain (CRS) test results and the long-term
unloading oedometer (creep) test results can be delineated. During the CRS consolidation
tests, the response curve progressively shifts rightward as the strain rate decreases,
approaching the limit swelling line where the swelling strain rate reaches zero. In the
creep tests, the strain gradually increases over time while the strain rate progressively

decreases, asymptotically approaching the limit swelling line.
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Figure 6-7 Illustration of geometrical relationship between the parameters

71



0.08

O Empty symbol: Preloading 4h
- Solid symbol:  Preloading 36h
o -33x10%%s ¢ -3.3x107/s
006k © A 33x107s o -33x10%s
° v -3.3x10%s © -3.3x107s
A
:\:)m 0.04 |
8 v
A
© o
[
0.02 |
v A °
¢ ¥
A
¢ %
0.00 |
PATETIRTN AUSU RTINS T U W (U W T W (N T N N T S A S SH S L M M
45 4 35 3 2.5 2 1.5 1
Al ’
OCR (0',,,,/0")

Figure 6-8 C,./Cs versus OCR, measured by long-term unloading oedometer test (Fan
and Watabe 2024)
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6.3 Simulation of the swelling behavior in unloading

Here is an example for the application of the new model to simulate the swelling
behavior in unloading. The test results are measured for Ariake clay, preloading for 4
hours, already shown in Figure 5-23 and Figure 5-24.

The elastic strain during the unloading procedure is shown in Figure 6-10. Elastic
modulus in this model is given by the slope of the beginning point of unloading and the
intersection of the limit compression line with the unloading curve. The points
corresponding to different swelling strain rates are also plotted in the figure as different
colors, which were directly calculated from the oedometer test data. The -3.3x107 s’!
unloading curve from CRS consolidation test results is also plotted as the dark green curve,
which is taken as the reference swelling curve. By deducting the elastic strain, the visco-
plastic strain obtained is drawn in Figure 6-11.

The simulation results were calculated by Eq. (6-6) based on the reference swelling
curve from CRS consolidation test and the relationship between incremental visco-
plastics strain and OCR of experimental data is also plotted in Figure 6-11. By keeping s
constant in the same manner as ¢; in Eq. (6-1) and adjusting Ri/Ry value to fit the
experimental data utilizing the least square method, the s, parameter for swelling behavior
is obtained. The Ry value of Ariake clay is determined to be 0.854. As shown in Figure
6-12, parameter ¢ is equal to In (:,—;JPL— 1) at é,, = 1, i.e, it represents the relative
position of the log a'p—log Eyp curve. Parameter ¢, represents the level of strain-rate

- . R . .
dependency. Similarly, parameter. s; is equal to In (R— - 1) at &, = 1, i.e., it represents
L

the relative position of the log R—log &, curve, parameter s, represents the level of strain-

rate dependency during swelling behavior. Both (:,,ppL —1)and (R% - 1) are the bases in
the overstress theory equation. According to the test result of Ariake clay, it is reasonable
to conclude that the parameter values ¢; = 51 = 1.06 are appropriate. What’s more,
maintaining consistent relative positions is intended to facilitate parameter determination.

A comparison between the model’s calculation and experimental data reveals that
the newly proposed simplified visco-plastic model shows an agreement with the

experimental results for the same preloading duration. The fitting parameter values are
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presented in Table 6-1.
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Figure 6-10 Elastic strain during the unloading procedure
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Table 6-1 Fitted parameters for loading and unloading behavior

Parameters Value Procedure
C1 1.06 Loading
C2 0.118 Loading
a'ol/o "0 0.7 Loading
S1 1.06 Unloading
S2 0.173 Unloading
RL/Ro 0.854 Unloading

6.4 Normalization by OCRet

Overconsolidation ratio (OCR) represents the ratio of the historical maximum
effective stress to the current effective stress. The traditional definition of the
overconsolidation ratio does not consider the creep-induced increase in the
preconsolidation pressure. Vergote et al. (2022) introduced a parameter named reference

overconsolidation ratio (OCRy.f), given by Eq.(6-10), as shown in Figure 6-13.
OCR, o = 22t (6-10)

arl

where the subscript "ref” denotes the reference state, but does not give a clearly defined
strain rate. It should also be noted that while the subscript “p” refers to the
preconsolidation pressure in this study, its meaning in Vergote's model more closely
approximates the maximum past effective stress.

In the current study, to consider the effect of the strain rate at the end of preloading
stage (preloading time) in the new model, a similar parameter, OCR;.s, was applied. In
engineering practice, the consolidation settlement is generally estimated based on the e-
log ¢’ curve obtained from 24-hour incremental loading oedometer tests, corresponding
to a strain rate of approximately +1x107 s'' (Watabe et al. 2012). The strain rate curve of

+1x107 57! is accepted as a reference isotache curve for the loading stage. Equation (6-
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11) defines OCR:.s based on the strain rate curve of +1x107 s7!, as shown in Figure 6-14.
As a result, the OCR,r value of the point that started to unload does not need to equal 1.
The value of OCR.r depends on the strain rate at the end of preloading stage, which can
be calculated by Eq. (6-1) for the loading stage. According to this method, the application

of OCRs can compare the data from different strain rates at the end of preloading stage

corresponding to different preloading durations.

a'ref(é =+1x10"7 s
- (6-11)

OCRyef =

[ reference

1sotache

Void ratio, e

Effective stress, o’ (kPa)

Figure 6-13 Isotache model with reference isotache curves and reference
preconsolidation stress (Vergote et al. 2022)
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After introducing the new concept of OCR.t, Eq. (6-4) and Eq. (6-5) are turned into
the following Eq. (6-12) and Eq. (6-13), respectively:

()
In{ Eomy — 1| = 51 + 5,Inéy, (6-12)
log( 143 )
o 28
R = refl (6-13)
tog(*15"0)
_— 7 ol log(ocﬁse&) . -1
Here, Ry = 1at&,;, =-1.0 x 107 s" and Ry, = Watsvp =0s
1.43

where OCRienis the high limit of OCRye, OCRyero €quals to OCRet, corresponding to €y,
=-1.0x 107 s,
Substituting (6-13) into (6-12), Eq. (6-6) and Eq. (6-8) are obtained even the
calculation is based on OCR.t. The value of a'pL / a’po equals 0.7 in the model for loading
Py

stage. Therefore, in the new form equations, the OCRBoundary = o 1.43 is constant, s

o

remains the same with ¢; in loading stage and s> varies with Ry. After introducing the new
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concept of OCR., the new visco-plastic model can simulate the unloading behavior

according to different strain rates at the end of preloading (i.e., preloading duration).
Figure 6-15 illustrates how the new visco-plastic model simulates the swelling

behavior in long-term unloading oedometer test and unloading CRS consolidation test. In

the CRS consolidation test, the value of OCR.r increases as the unloading CRS

D . . OCR
consolidation test progresses, while the R value remains the same because logﬁgm

increases proportionally with log —;f Consequently, if a constant strain rate curve is

OCRy

1.4

obtained by CRS consolidation test, the swelling strain rate lines can be obtained
according to the value of strain rate and Eq. (6-6). On the other hand, for the long-term
unloading oedometer test, the value of OCR.f remains the same during the swelling

process, while the R value decreases as the corresponding strain rate decreases. This is

OCRyef

increases as the swelling strain becomes larger, while logw

OCR
because log—=2°
143

remains the same. Finally, the R value approaches Ry and the swelling value of the clay
reaches a swelling limit. As described in Eq. (6-9), in the power-law function, when the

R value becomes Ry, the visco-plastic strain rate will be zero.
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Figure 6-15 Schematic illustration of the new visco-plastic model: (a) Constant rate of
strain (CRS) consolidation test; (b) Long-term unloading oedometer test
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A comparison of calculation results with experimental data of Ariake clay is shown
in Figure 6-16. The solid curves represent the same swelling strain-rate lines calculated
from the new model, and the points are the experimental data. Different colors mean
different strain rates. The hollow markers, cross markers and solid markers in the figure
represent the data of unloading behavior after preloading for 0.5 h, 4 h and 36 h,
corresponding to the strain rate at the end of preloading stage +3.3x10% s, +3.3x107 !
and +3.3x10® s respectively. The new model also performs well compared to the

experimental data after different preloading time.
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Figure 6-16 Comparison of calculated different unloading strain-rate curves with
experimental data from three kinds of preloading time
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6.5 Effects of parameters on unloading strain-rate curves

Figure 6-17 illustrates the effect of the model parameter Ri/Ro on the unloading
strain-rate behavior as predicted by the proposed model under a fixed model parameter s,
= 1.06. Figure 6-17 (a) illustrates the relationship between R/Ro and strain rate,
demonstrating that higher values of R /R, indicating that the unloading behavior of clays
exhibit stronger strain-rate dependency as Ri/Ry increases. Figure 6-17 (b) and (c) present
the model-predicted unloading strain-rate curves corresponding to Ri/Ro= 0.7 and R1/Ro
= 0.9, respectively. Obviously, the strain-rate dependency becomes increasingly
significant as Ri/Ry increases, as reflected by the larger spacing observed between the
unloading strain-rate curves. This means, under constant stress following unloading, more
swelling strain occurs with higher Ri/Ry values. By the value of Ri/Ro, the proposed
model is capable of effectively capturing the strain rate dependency of marine clays,
suggesting its suitability for describing time-dependent deformation in such rate-sensitive
geomaterials.

Figure 6-18 illustrates the effect of the model parameter s; on the unloading strain-
rate behavior predicted by the proposed model under a fixed parameter Ro/Rr.=0.7. Figure
6-18 (a) shows how parameter s; influences the strain rate dependency in unloading
behavior. The s; value’s effect on the unloading behavior around the reference strain rate
of 1x1077 57! is minimal, but exhibits stronger influence at both very slow and very fast
strain rates. Figure 6-18 (b), (c), and (d) present the model-predicted unloading strain-rate

curves for s1 = 0.6, s1 = 1.06 and s; = 2.0, respectively.
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Chapter 7 Discussion of swelling behavior

and other models

7.1 Swelling behavior in unloading and comparison with loading part

Compared to the normal consolidation behavior of clays, there is a lack of
experimental unloading tests of marine clays, in which viscosity plays an important role
in long-term consolidation behavior. Few one-dimensional tests have been carried out by
researchers to study the viscous behavior during the unloading stage (Mesri et al. 1978;
Yin and Tong 2011; Feng et al. 2017). In response to this research gap and the scarcity of
experimental data on marine clay’s swelling behavior after preloading in unloading, this
paper systematically conducted a series of experiments, considering the effects of the
strain rate at the end of preloading and the OCR (overconsolidation ratio) on the unloading
behavior of marine clay. The results indicate that two factors significantly influence the
unloading behavior of clay.

As illustrated in Figure 5-24 and Figure 6-8, a larger OCR leads to a greater swelling
strain and viscosity plays a more prominent role. Even with the same OCR, different strain
rates at the end of preloading induced the unloading behavior of marine clays differently
as described in Figure 5-18. According to Eq. (6-1) at the loading stage, different strain
rates at the end of preloading of clay result in varying distances between the limit line for
compression and the unloading points, as shown in Figure 7-1. For example, when the

strain rate at the end of preloading is 3.3 x107 (preloading time = 4 hours), OCRBoundary

equals the distance to limit line for compression (Alog ¢’ = 1.49). In other words,
according to the new model, OCR > 1.49: elastic unloading strain and visco-plastic
unloading (swelling) strain generated; OCR = 1.49: there is only elastic unloading strain;
OCR < 1.49: elastic unloading strain and visco-plastic recompression (re-creep) strain
generated. The closer to the limit line for compression, the smaller the residual settlement
value, which explains why recompression develops more slowly. Based on experimental

results, we would like to note that a small amount of visco-plastic deformation still occurs

85



under lower OCR conditions. To simplify the model for practical applications, this aspect

has not been explicitly included and is instead treated as part of elastic unloading

deformation.

\

s
—a--

~OCR=¢6",,/0c'=1
(Traditional definition)

Unloading

OCR =138

Strainrate (s'1): 0 3.3x10° 3.3x10¢ 3.3x107 3.3x10°

Figure 7-1 Illustration of the weakness of traditional OCR in describing the unloading

behavior

If the traditional definition of OCR is used, the OCRBoundary Values corresponding to

different loading duration (i.e., different loading strain rate) are different and it also is not

able to illustrate the effect of strain rate at the end of preloading, which limits the

description of unloading behavior and highlights the limitations of the traditional OCR

definition. Therefore, to address this limitation, the authors introduced the concept of

reference overconsolidation ratio (OCR ). The definition of OCR is corresponding to

the loading strain rate (1x1077 s') at 24 hours in the incremental loading oedometer test

(Watabe et al. 2008) as shown in Eq. (6-10). Compared to the traditional parameter OCR

corresponding to the maximum effective stress without considering the loading strain rate,
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the new OCR.r can describe the clay’s stress history reasonably. The new model with
OCR. is enabled to compare the long-term unloading oedometer test data from different
preloading times or strain rates in the preloading stage and simulate test data.

Normal consolidation behavior and unloading behavior are significantly different.
During normal consolidation behavior, different strain rate lines (isotaches) are parallel.
In the other way, during swelling behavior in unloading, the distance among different
strain rate lines tends to increase as OCR becomes larger. The long-term unloading
oedometer test results indicate that the swelling behavior caused by clay’s viscosity is
nonlinear, which is similar to the normal consolidation behavior of marine clays. The
relationship between the compression strain and log ¢ is not a straight line (Berre and
Iversen 1972; Leroueil et al. 1985; Watabe et al. 2008).

In the normal consolidation region of marine clay, there is a unique series of strain
rate lines (i.e. isotaches). Similarly, to establish a unique relationship among OCR.r,
strain, and strain rate during the swelling behavior of marine clay, it is necessary to reset
the intersection point of the unloading curve and the elastic rebound boundary. This point
should be set to OCR.t=1.43, Ae=0, as depicted in Figure 7-2. By resetting this
intersection point, the swelling behavior of marine clay in the left region of the plastic
boundary (limit line for compression in normal consolidation domain) in the model can
be accurately described using a unique set of OCR,s, strain, and strain rate. This model
provides a comprehensive interpretation of the influence of strain rate at the end of

preloading.
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Figure 7-2 Interpretation of the effect of strain rate at the end of preloading in the new
model

7.2 Comparison with other models

Many researchers have modeled the unloading (stress-strain) behavior of clays.
Tachibana et al. (2020) proposed a constitutive model incorporating a concept of plastic
rebound for saturated expansive soils, and Ito et al. (2022) further developed this model
to simulate the swelling properties of unsaturated expansive soils during saturation. Their
model can simulate the final volume changes and the effective stress paths for both
consolidation and swelling in axial and radial problems. However, the model cannot

consider the strain rate-time effect. Moreover, the slope of plastic rebound line is identical
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to the normal consolidation line (A = 0.434C.) which overestimates the swelling value, as

evidenced by the experimental results of saturated clays in this study. While Tachibana et
al. (2020)’s model can simulate a wide range of stress states, the proposed model in this
study focuses specifically on the relationship between vertical stress and void ratio or
vertical strain, mainly applicable in one-dimensional consolidation or unloading. The new
model proposed in this study solves this problem by introducing a limit swelling line with
a slope smaller than the normal consolidation lines, thus better simulating the swelling
behavior observed in the test results.

The MIT-SR model proposed by Yuan (2016) with consideration of strain rate can
accurately predict the unloading behavior after surcharge (preloading) in the condition
that a small weight surcharge is removed (OCR < 1.5), while at higher OCR the viscous
swelling is not modeled. The EVPS model (Feng et al. 2017) effectively captures non-
linear creep and swelling behavior, especially large viscous swelling under the large OCR
conditions. However, the model assumes that recompression and swelling in unloading
are mutually exclusive processes. Additionally, in their experimental methodology, the
applied stress was reduced by half per time during the unloading process, which resulted
in a minimum OCR of 2. As a result, both their experimental tests and model did not
consider the recompression phenomenon (as shown in Figure 6-3 (b)). In contrast, this
study conducted unloading oedometer tests according to different OCRs, and the
proposed model effectively simulates and explains the long-term unloading behavior
under a wider OCR range.

Vergote et al. (2022) developed the C+S model, which accurately simulates both
constant stress loading and unloading behavior well, similar to the author’s model.
However, one limitation of the C+S model is that it requires a large set of experimental
data to calibrate its parameters (mi, b1, ma, and b,), which makes it less practical for
applications with limited experimental resources. In contrast, the proposed model requires
fewer soil-specific parameters and does not rely on extensive calibration data, making it
more convenient for practical engineering applications. Furthermore, the integrated and
fully coupled model by Vergote et al. (2021) introduced an novel method by using a
distorted isotache concept to explain and predict the visco-plastic recompression (referred

to “recreep” in their work) behavior, and considering viscous swelling behavior as a
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transient phenomenon. This enables the model to simulate complex stress paths, including
relaxation tests and reloading. Vergote et al. (2021) suggest that a rate-based
reinterpretation of experimental data shows that swelling and creep often occur
sequentially, which requires that at least one of these processes must exhibit non-isotache
behavior. The proposed model follows this principle as well but utilizes a plastic rebound
boundary (the limit line for compression in the loading stage) to separate the compression
isotache and swelling isotache. This allows the proposed model to perform better under
high OCR conditions.

The newly proposed model in this study requires the determination of only two
parameter values for the normal consolidation stage: c¢i and o',/ 6’0, as well as one
additional parameter, Ri/Ro, for the swelling stage in unloading. These parameters can be
determined by fitting the experimental results to the new model. Furthermore, this study
novelly modeled the swelling behavior from the perspective of constant unloading strain
rate test results, reflecting the impact of clay viscosity and improving the prediction

accuracy of swelling behavior during unloading.
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Chapter 8 Conclusions and

recommendations

8.1 Conclusions of this study

In Chapter 4 and Chapter 5 of the present study, to clarify the effect of the strain rate
of clay during the unloading process, Ariake clay, Louiseville clay and Onsey clay were
subjected to unloading by means of the CRS consolidation test, and incremental loading
oedometer test was also applied to these three kinds of clays. Long-term unloading
oedometer tests were conducted to observe the unloading behavior with several OCR
values and preloading times (determined by different strain rates at the end of preloading
stage). Moreover, the ratios of Cc/C. and Cs/Cs were calculated to quantitatively
compare the strain rate dependency of these kinds of clays during loading and unloading.
It appears that basic phenomena remain the same for the different kinds of marine clays
and can be modeled based on strain rate. The loading behavior’s formulation proposed by
Watabe et al. (2008; 2012) was developed into swelling in unloading. The simulated
results by the new model show good agreement with the observed unloading behavior of
marine clays. The main findings from experimental tests are written hereunder:

(1) The increase in void ratio depends on the strain rate: the lower strain rate leads
to the more swelling strain during the unloading CRS consolidation tests.

(2) The ratios of Cso/Cs to Ceo/C. are from 0.25 to approximately 1.00. However, it
seems that the ratio between 3.3x10°¢ s"! and 3.3x107 s7! is significantly larger. The results
from these three kinds of marine clays appear to be within the same range. It means that
in some marine clays, the strain rate dependency of compression and swelling has a
similar relationship.

(3) After the end of the elastic part of expansion, the logarithmic unloading strain
rate induced by secondary swelling varies linearly against the logarithmic elapsed time
(log t). This result supports the establishment of a visco-plastic model based on the

isotache concept.
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(4) The unloading curve from CRS consolidation test has a reasonable agreement
with the strain rate point from long-term unloading oedometer due to the same strain rate
at the end of preloading stage condition (¢ = +3.3x107 s,

(5) From the incremental loading oedometer test results, Cso/Cs tends to increase as
the OCR increases, which means the strain rate dependency becomes larger when OCR is
higher. This also means that the distance between different unloading strain rate curves
grows with OCR increase; unlike the normal consolidation domain, the different loading
strain rate curves are parallel.

(6) A new simplified visco-plastic model was developed to improve the accuracy of
marine clay’s swelling behavior in unloading and prediction for the maximum swelling
value. This study introduced a plastic unloading boundary (Amerasinghe and Kraft 1983;
Tachibana et al. 2020) and extended the visco-plastic model proposed by Watabe et al.
(2008; 2012) into the swelling stage in unloading to better characterize the swelling
behavior in unloading by modifying a new constant parameter Ri/Ro instead of a constant
parameter o'p1/ ¢'p0. This new model also adopts a strain rate curve of -3.3x1077 s™! as the
reference swelling curve to derive additional swelling strain rate curves. The model
demonstrates excellent concordance compared to experimental test results.

(7) The concept of OCR;et, which corresponds to the loading strain rate (1x1077 s!)
at 24 hours in incremental loading oedometer test (Watabe et al. 2008), was introduced in
this paper. Instead of the traditional parameter OCR which is defined by maximum
effective stress without considering the loading strain rate, the new OCRs can describe
the clay’s stress history reasonably. The new model with OCR.. is enabled to compare
the long-term unloading oedometer test data from different preloading times (or strain
rate in preloading stage) and simulate test data. By defining this parameter, it became
possible to construct a model that successfully explains the swelling behavior in

unloading.
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8.2 Recommendations for further research

Following ground improvement methods such as the surcharge method, construction
is typically carried out on the treated foundation. Therefore, the reloading behavior of
clays plays an important role in understanding their deformation characteristics. The
compressive response of clays after different unloading paths requires further model
development and targeted experimental investigation to capture the relevant mechanical
behavior.

This study includes a substantial amount of experimental data and the proposed
model can effectively simulate the swelling behavior of marine clays during unloading.
However, it should be noted that the scale of materials used in laboratory tests differs
significantly from that in the field. The field scale is significantly larger than the 20 mm-
height and 6 mm-diameter samples in the laboratory test. As a result, the effect of layer
thickness becomes important. Moreover, the strain rates in actual engineering
applications are generally lower than those applied in laboratory conditions. It is
recommended to conduct experiments using a large test set-up or other devices that are
capable of studying the effect of layer thickness, such as the inter-connected consolidation
test. Furthermore, it is better to explore the application of these findings in some case
studies.

The constitutive models developed in this study are formulated based on one-
dimensional, single-layer soil conditions, as commonly adopted in laboratory settings,
with either one-way or two-way drainage. To enhance the applicability of the model,
several numerical developments are suggested. For large-scale soil improvement
applications, the new model could be integrated into an axisymmetric model that
considers prefabricated vertical drains and multiple soil layers. In more complex
geotechnical applications such as large-scale excavations, a three-dimensional framework
may be required to capture the unloading behavior. In such cases, the model could be
embedded within a three-dimensional elasto-viscoplastic formulation, incorporating a
swelling rule and refined treatment of the compressive viscous response to better simulate
unloading effects. To generalize the one-dimensional model into the three-dimensional
form, further experimental studies are also recommended to clarify the long-term

unloading behavior of soils under triaxial stress conditions.
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From the perspective of experimental fundamental research, it is recommended to
begin with remolded clays. In this study, all three types of clay used were undisturbed
samples. While undisturbed clays better reflect conditions encountered in practical
engineering applications, their behavior tends to be more complex. Therefore, initiating
the research with remolded clays, which exhibit more uniform and simplified properties,

would be a more reasonable approach in the early stages of experimental investigation.
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CC(X
Cs
CS(I
C1, C2
C3, C4

S1, 82

83, 84

OCR
OCRL
OCRy

OCRref

OCRrefL
OCRrefO

OCRBoundary

Notations

compression index

secondary compression index in normal consolidation behavior

swelling index

secondary swelling index in unloading behavior

common model parameters for Eq. (6-1) in normal consolidation behavior
common model parameters for Eq. (6-3) in normal consolidation behavior
common model parameters for Eq. (6-4), Eq. (6-6) and Eq. (6-12) in
unloading behavior

common model parameters for Eq. (6-9) in unloading behavior
visco-plastic strain = total strain — elastic strain

visco-plastic strain rate

preconsolidation pressure (consolidation yield stress p'c)

lower limit of a'p

o', corresponding to &y, = +1.0x107 5!
overconsolidation ratio = ¢’ ., /0"

the high limit of OCR

OCR corresponding to &, = -1.0% 107 7!

R . O/ b +1x10~7s™1
reference overconsolidation ratio, OCR.of = —

higher limit of OCR et
OCRt corresponding to &, =-1.0x107 s™!
the OCR value of the intersection of the limit compression line with the

unloading curve

log OCR
OCRBoundary

equaling to
log<

OCR
10g< ref)
OCRrefL
OCR
refo
IOg( 1.43 )

based on OCR; based on OCRer

OCRg
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expression
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