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ABSTRACT

Saturated clays exhibit rate-dependent behavior (i.e. their stress-strain-strength properties are
significantly affected by the applied loading rate). This is of great significance for geotechnical projects,
particularly when long-term predictions of settlements of compressible soil strata are based on results of
laboratory element tests on small test specimens. Ladd et al. (1977) show that scaling of laboratory
consolidation tests to field scale is strongly affected by assumed creep properties of the clay, leading to
competing hypotheses of field performance (Hypotheses A and B). Most pre-existing soil models are based
on isochrone theory which assumes a unique relationship between effective stress-strain and strain rate -
such that the scaling of creep and consolidation conforms to Hypothesis B. Recently Yuan (2016) has
developed a novel elasto-viscoplastic effective stress model, MIT-SR, that is capable of accurately
predicting a wide range of rate-dependent characteristics of clay. The proposed formulation is able to
represent both scaling hypotheses of coupled creep and consolidation.

This thesis analyzed the predictive capabilities of MIT-SR model by studying two projects: New
Hamilton Partnership Levee Project (NHPL) and Marina Bay land reclamation projects, Singapore. MIT-
SR materials were calibrated with laboratory and field tests only and numerical simulations of the projects
were performed with the Finite Element Method (FEM).

The NHPL project consisted on an I lft high embankment, constructed in 1996 in California, on +30ft
of highly compressive San Francisco Bay Mud (SFBM). Our re-analyses included the MIT-SR calibration
for SFBM and 2D FEM simulations that compare MIT-SR, Soft Soil Model and Soft Soil Creep Model
predictions. The results show that MIT-SR offers superior predictions of the lateral spreading and settlement
during both the construction and post-construction phases.

The Marina Bay area in Singapore was reclaimed by surcharged underlying marine clays with more
than 13m of granular fill between 1979 and 1985. Construction of the new Thomson Line subway through
the area has measured on-going free-field settlements from the reclamation during the period 2015-208.
We analyze these long-term settlements by calibrating MIT-SR parameters for Singapore marine clay and
performing a series of 1 D consolidation analyses to represent variations in the soil profile across the area.
The model predicts settlement rates that vary with the thickness of marine clay, principally ranging from
10 to 20mm/yr at present time. The model tends to underestimate the measured settlement rates. This may
reflect underestimation of creep properties of the clays or thickness of the fill.

The results from MIT-SR simulations in both projects were very encouraging and confirmed the strong
predictive capabilities of the model with calibration procedures based on laboratory and site tests only.
MIT-SR was able to accurately predict deformations and pore pressures in undrained, consolidation and
creep stages with a unique set of parameters calibrated.

Thesis Supervisor: Prof. Andrew J. Whittle
Edmund K. Turner Professor of Civil and Environmental Engineering
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1. INTRODUCTION

Clays are elasto-viscoplastic materials characterized by their low hydraulic conductivity, high

deformability, low shear strength and rate-dependent behavior; i.e., their stress-strain-strength

behavior is significantly affected by the applied loading rate. Particular cases of rate-dependent

behaviors are creep and relaxation. Creep occurs when strains develop in time under constant

effective stresses while relaxation is the decrease in effective stresses under constant strains.

Secondary compression refers to the drained creep observed in ID consolidation tests.

Rate-dependency is of great significance for geotechnical projects, particularly when field

scale long-term predictions require extrapolation of data from laboratory data. Although

compressibility properties can be characterized with laboratory tests, controversies regarding the

internal mechanisms governing their rate-dependency and the laboratory field behavior

extrapolation persist.

The fundamental question has been whether the stress-strain relationship at the end of primary

(EOP) consolidation is unique (U' - E) or also depends on the strain rate applied (c' - E - ).

There is a long-standing controversy associated with two opposing hypothesis (Ladd et al., 1977):

Hypothesis A, assumes that the strain at the end of primary consolidation is effectively independent

of the thickness of the clay specimen while Hypothesis B, assumes that the strain at the end of

primary consolidation increases with the thickness of the test specimen. Both hypothesis have been

supported by different laboratory and field information. To date all pre-existing soil models

assume that creep occurs concurrently with primary consolidation and hence, generate results

consistent with Hypothesis B. Geotechnical engineering practice almost universally computes

creep secondary settlements due to creep are independent of the magnitude of primary

consolidation (Hypothesis A).

MIT-SR model developed in the PhD thesis by Yuan (2016) is an elasto-viscoplastic effective

stress model capable of accurately predicting a wide range of rate-dependent characteristics of soft

soils (e.g.: creep, relaxation and secondary compression) within a unified framework that includes

anisotropic effective stress-strain-strength properties.
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1.1. OBJECTIVES AND SCOPE OF THE THESIS

This thesis analyzed the capabilities of MIT-SR model as a predictive tool by studying two

projects: New Hamilton Partnership Levee Project (NHPL) and Singapore Bay area project. MIT-

SR input parameters were calibrated with laboratory and field tests only and numerical simulations

of the projects were performed with the Finite Element Method (FEM, PLAXIS 2D v2017.01).

The predicted results were compared against site measurements and MIT-SR predictive capability

was assessed. No site measurements or monitoring information were considered in the MIT-SR

calibrations.

The thesis is organized in five chapters: 1) Introduction; 2) MIT-SR model; 3) New Hamilton

Partnership Levee Project; 4) Land Reclamation Settlements, Marina Bay, Singapore and 5)

Summary, conclusions and recommendations.

Chapter 2 presents an introduction to rate-dependent behavior of clays and its influence in

field-scale predictions and an overview of the MIT-SR model with an explanation of the main

features, parameters and internal state variables.

Chapter 3 includes the first project analyzed with MIT-SR. The New Hamilton Partnership

Levee is an 11 ft high embankment built on approximately 30ft of a highly compressive clay known

as San Francisco Bay Mud (SFBM). The long-term performance of the embankment was

reanalyzed using three different models to represent SFBM behavior (Soft Soil Model, Soft Soil

Creep Model and MIT-SR). 2D FEM simulations of the construction process were executed with

each model and the predictions of the embankment's performance were compared to each other

and against available monitoring measurements to assess the predictive capabilities of MIT-SR.

Chapter 4 presents the second project analyzed with MIT-SR. The Marina Bay area in

Singapore is the result of an offshore land reclamation process that occurred between 1979 and

1985 and where 13m of granular, dredged fill were deposited on the original seabed, principally

composed by soft compressive clays (Singapore Marine Clay). Ongoing construction works in the

area are observing considerable current creep rates in free field locations. MIT-SR was utilized to

represent the clays of interest present in the area (Marine and Fluvial clays) and simulate the

complete reclamation process to predict current and future creep rates. The performance of MIT-

SR model was assessed by comparing the predicted current creep rates against site measurements.
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2. MIT-SR EFFECTIVE STRESS CONSTITUTIVE SOIL MODEL

This chapter presents an overview of MIT-SR model developed in the PhD thesis by Yuan

(2016).

2.1. INTRODUCTION

Saturated clays exhibit rate-dependent behavior, this means that their stress-strain-strength

behavior is significantly affected by the applied loading rate. Some examples of these properties

in compression and shearing can be summarized as follows:

1. Secondary compression in an incrementally loaded (IL) oedometer test: continuous

deformation occurs after the end of primary consolidation (EOP; i.e., after all the excess

pore pressure has dissipated) at constant effective stresses (Figure 2-1).

2. Variation of the effective stress-strain response in constant strain rate (CRS) consolidation

tests with the imposed strain rate (Figure 2-2).

3. Increasing undrained shear resistance with strain rate for specimens in triaxial shear tests

(Figure 2-3).

4. Creep or relaxation in shear tests (Figure 2-4 and Figure 2-5, respectively).

Rate-dependent behavior of clay has been subject of numerous experimental research studies

(Wissa et al., 1971; Vaid and Campanella, 1977) including a series of theses in the MIT

Geotechnical Laboratory (Sheahan, 1991; Ng, 1998; Gonzalez, 2000; Korchaiyapruk, 2007).

Rate-dependency is of great significance on geotechnical projects, particularly when field scale

long-term predictions are based on short-term laboratory test measurements; the critical issue is

the extrapolation methodology of laboratory-based information to predict field behavior.

Although rate-dependent properties can be characterized from laboratory tests, controversies

regarding the internal mechanisms governing the rate-dependent properties and the extrapolation

from lab to field scale remain issues of long-standing dispute within the geotechnical community.

Various research studies were focused on the creep-consolidation coupling to assess the

challenges of creep influence in field-scale long-term consolidation prediction (e.g., Crawford,

1965; Berre & Iversen, 1972; Mesri & Choi, 1985; Kabbaj et al., 1988; Korchaiyapruk, 2007;

Watabe et al., 2008).

19



The contradiction between the behavior evidenced in experimental and field measurements in

different soils has been characterized by two competing hypotheses, A and B, as reported by Ladd

et al. (1977) and presented in Figure 2-6.

Hypothesis A considers that the strain at the end of primary consolidation is effectively

independent of the strain level in the clay (eEop lab = eEOP field; Fig. 2-6). As a result the lab

behavior can be estimated by scaling the lab time data by the squared-ratio of drainage path lengths

in the lab and field situations. Laboratory results can be extrapolated to field-time scale by:

tfield lib/ Hrii\
2 2 -> tiel field ) tab (2.1)

(Hfield) (Hiab) Hiab

Implicitly, this hypothesis assumes that the physical mechanisms causing creep are similar to

those responsible for volume change due to an increase in effective stress: elastic deformation of

particles, slippage at contacts and reorientation of particles, double layer compression and

displacement of adsorbed water and particle crushing (Mesri and Godlewski, 1977; Ladd et al.,

1977).

Hypothesis B assumes that creep processes are activated by the initial loading event and hence,

larger creep strains occur in the field than in the small laboratory element test. Therefore, larger

strains will develop in the field than in the lab and will be most clearly observed by a large strain

level at the end of primary consolidation (tEOP field; Fig. 2-6).

This hypothesis treats creep as a separate phenomenon independent of the primary

consolidation process. The mechanisms responsible for secondary compression occurring during

primary consolidation are often thought to be due to some type of "structural viscosity" or time

dependent deformation of adsorbed water films (Bjerrum, 1973).

This enduring and existing controversy has been widely studied (Mesri, 2001; Leroueil, 2006;

Watabe et al., 2008; Degago et al., 2011), illustrates the complexity of concurrent creep and

consolidation of clays and the necessity for a more comprehensive constitutive framework to

explain laboratory and field measured behaviors.
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2.2. EXISTING MODELS AND LIMITATIONS

Existing time-dependent compression models for clay can be divided in five categories: i)

Rheological models; ii) Isochrones (time-line) models; iii) Isotache models; iv) Microstructure and

v) Unique EOP line models. Detailed description of these models, Analyses and comments on their

capabilities and limitations can be found Yuan (2016). All of these existing consolidation

formulations predict 1-D constitutive behavior corresponding to Hypothesis B (Yuan, 2016).

During the last four decades, various models have been proposed among which isochrone or

isotache frameworks are the most popular. These formulations, limited to compression behavior

under isotropic or Ko conditions, consider that volumetric creep strain rate (tPP) is defined by

current vertical effective stress (c4 /oje) and void ratio (e) and a constant reference strain rate

(tref). A typical expression is:

cC

t'p = ref (2.2)

Where Oje is the equivalent stress on the virgin compression line (VCL) at the same void ratio

as the current stress state (av), Cc is the compression index and C. the coefficient of secondary

compression (Figure 2-7). These models exhibited acceptable results when simulating laboratory

time-dependent behavior (Yin et al., 2010; Bodas Freitas et al., 2011).

Experience has shown that laboratory-calibrated models tend to give unrealistically high initial

creep strain rates of in-situ soil, leading to greater field compression strains than those found in

the laboratory tests, (a result complying with Hypothesis B). The difference between the lab-

calibrated initial field strain rate with the field values can be of several orders of magnitude (Figure

2-8).

A solution to the isotache-model limitation of considering a unique relationship between stress,

strain and void ratio is to assume that viscoplastic strain evolution also depends on the history of

strain rate.

21



2.3. ONE-DIMENSIONAL RATE DEPENDENT COMPRESSION MODEL FOR CLAY

Yuan (2016) proposed a new elasto-viscoplastic framework for 1D rate-dependent

compression of clays. The key objectives that motivated this model include:

" Solve the existing limitations to determine initial creep rate and field-scale consolidation

predictions.

" Describe a wide range of rate-dependent clay behavior, including isotache-type and

temporary rate effects in CRS tests.

" Describe hypothesis A and B behaviors under a unique framework allowing a broader

range of field-scale predictions based on laboratory data.

" Introduce a rational explanation to the physical mechanism controlling 1 D rate-dependent

compression behavior.

The proposed formulation decomposes total strain rate (t) into elastic (0) and viscoplastic

(.'P) strain rate components:

t = e + p (2.3)

The ID compression behavior is defined in log e - log u-' space following the MIT-SI model

formulation (Pestana and Whittle, 1995; Figure 2-9). Elastic recompression curve is linearized

with a constant slope (pr = 0.434 Cr/e) and the virgin compression (i.e., normally consolidated

behavior) is also linearized with a constant slope (pc = 0.434C/e). Normally consolidated states

are defined by the Limiting Compression Curve (LCC) shown in Figure 2-9.

The elastic strain rate (te) is evaluated in terms of effective stress rate (&,), recompression

slope (pr) and porosity (n):

e= Prnl - (2.4)
av'

The evolution law for viscoplastic strain attributes macroscopic creep deformations to an

internal strain rate representing the past straining effects on the microstructure. This innovative

interpretation relates viscoplastic strain rate to the strain rate history opposed to past empirical

formulations (e.g., isotache or isochorone models).
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Viscoplastic strain rate (tVP) is defined by strain rate history (Ra) and current effective stress

state (up):

OP = Ra.f (2.5)
Upne

Where Ra [1/time] is a non-negative new state parameter that represents the internal strain rate

activated at the meso-scale (clay aggregate scale) due to the stimulation of historical straining

(Yuan, 2016). Also, cr'e is the equivalent stress state on the LCC and is subjected to density

hardening during compression:

&Oe= e (2.6)
Pc n

Ra = (e) - Ra] mt (2.7)

The evolution of the internal state parameter (Ra) utilizes an activation-decay mechanism; the

first term corresponds to activation (f)) and is caused by external mechanical perturbations while

the second is an auto-decay function (-Ra) for automatic fading effects as time advances. The net

change in Ra is scaled by a migration coefficient (mt).

mt = PC - (2.8)
Pa Pr n

Where pa is an intrinsic viscosity property with a similar role to the conventional coefficient

of secondary compression (Ca) 1.

A ) i (2.9)
Pc Eref/

It should be noted that the ratio, Pa/Pc = Ca/Cc = Ca/Cc used in existing constitutive models of creep (such as
the Soft Soil Creep, SSC, model in Plaxis; Vermeer and Neher, 1999).
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2.4. GENERALIZED MIT-SR MODEL

Clay behavior prediction for geotechnical engineering problems involves complex loading

conditions and coupling between volumetric and deviatoric stresses and strains, conditions that

necessitate a general 3D representation of stress-strain relations.

Yuan (2016) developed a generalized rate-dependent soil model, MIT-SR, embedded within

prior anisotropic 3D framework, previously presented by Pestana and Whittle. The key features of

the MIT-SR model are the generalization of evolution law for the internal strain rate within a 3D

framework and a generalized description of hysteretic behavior for unloading and reloading.

The generalized 3D MIT-SR formulation includes the following elements:

* 3D framework and surfaces.

* Plastic loading and hardening laws.

* Evolution of viscoplastic strains.

" Non-linear small strain behavior.

* Elastic stiffness and dilation of OC clays.

2.4.1. 3D framework and surfaces

MIT-SR divides the total strain tensor into a scalar volumetric strain component (E) and a

deviatoric strain tensor (E) with up to 5 independent components; each of which can be further

decomposed into elastic and viscoplastic contributions:

t = (tei + tp (2.10)

E tel + Evp

The proposed formulation uses the transformed stress and strain measures to simplify the

formulation and numerical implementation of the model (after Whittle & Kavvadas, 1994, Table

2-1).

Loading surface (f) is defined by current effective stress state (a', mean effective stress; 1 =

S/a', deviatoric stress ratio vector) and two internal state variables (b and a'). The tensor b

represents the orientation of the loading function and characterizes material anisotropy and a' is

an equivalent stress that represents the size of the loading surface size:
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f = )2 (i - b): (q - b) - (2 - 1 (2.11)

Parameters m and '2 are introduced to control the shape of the surface: m (Figure 2-10 and

Figure 2-11) varies from 0 to 1 and allows the function to describe loading surface with shape

varying from ellipsoidal (m = 0, MIT-E3) to a lemniscate-shaped surface (m = 1, MIT-Sl)

whereas (2 describes clay frictional characteristics and is defined by 0' (a material constant that

controls the amplitude of the reference surface), the deviatoric stress ratio, q and anisotropy b:

'2 =c2 + b: b - q: b (2.12)

24 sin 2r(
C 2 M (2.13)

(3 - sin qbn)2

The reference surface (fr), defined by image stresses (a'r, i1) and its size is determined by the

state variable a', is introduced in a similar form to the loading surface:

f r = (afr)2 (q - b):( 1 -b) -(a2 a ) ((2.14)

The critical state condition (hf) is represented by an isotropic failure criterion based on the

generalization of Matsuoka and Nakai criterion (Panteghini and Lagioia, 2014):

hf = k-2 _q: q = 0 (2.15)

k 2 = k 2 + 3- 2) 3  (2.16)

8 sin 2(pk si= - (2.17)
3 + sin2 / C

The factor k depends on the third invariant of the deviatoric stress ratio (13 , = det I' 1) and the

critical state friction angles (4cs), measured at large strain in triaxial compression.

These surface (loading, reference and critical state) are illustrated in principal stress and triaxial

stress space in Figure 2-12 and Figure 2-13, respectively.
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2.4.2. Plastic loading and hardening laws

Previous MIT (Whittle & Kavvadas, 1994; Pestana & Whittle, 1999) models already

introduced the concept of plastic loading in order to evaluate the contribution of plastic phenomena

at the reference surface.

In the current formulation, the plastic multiplier (A) is determined from a consistency

condition, used to obtain isotropic and kinematic hardening effects and is used as an external

activation source for the internal strain rate; A does not directly contribute to plastic deformations.

Macroscopic irrecoverable deformation is governed by a viscoplastic flow rule.

Plastic loading condition (CL) can be evaluated on the reference surface at a given image stress:

CL = (KrQrt + 2GrQ'r: $) (2.18)

where Kr and Gr are the elastic bulk and shear modulus evaluated at the reference surface,

respectively. Qr (= L) and Q'r (= 2 Q are the volumetric and deviatoric components of the

gradient of the reference surface respectively:

Qr (M(2 + il: b) (1 - a)+ (2 _'(i 21: (q - b)
=2-'r rI-a)})(2.19)

Ie 2(TI - b) + b 0i - 1)(a)I

If plastic loading occurs (CL > 0), then the plastic multiplier can be computed from the

consistency condition considering that the image stress always is on the reference surface (i.e.,

Jr = 0):

A- (CL)A =CL (2.20)
H + KrQr P + 2GrQ r: pi (

Where ()are the Macaulay brackets, P and P' are the volumetric and deviatoric components

of flow direction (Table 2-1). H is the plastic modulus obtained from the consistency conditions

and includes isotropic and kinematic hardening:
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H =- -- - - -- :b (2.21)
Oa' A Ob A

The proposed framework uses non-associated flow rule. Current stress point and the

corresponding image point share the same P and P':

I(k 2 _ 1:q)a-

P a2 (2.22)
Xplq + f 1, 1'1

Pc [1 1 + 2 KONC K (pc
X = -(-i (2.23)
Pc-Pr 3 -KONC 2G pr

Lateral earth pressure ratio for Ko-normally consolidated clays (KONC) is considered constant.

Hardening can be isotropic (reference surface changes its size) or kinematic (reference surface is

rotated). During loading (CL > 0), the size of the reference surface (a') varies and isotropic

hardening is defined by:

a' AP 2b:b- = P - 2:(2.24)
a' (pc-pr)n a2 + b:b

2 24 sin2 'IJ::a2 si) (2.25)
(3 - sinq #'S )2

If unloading occurs (CL < 0) and t < 0, the isotropic hardening is given by:

a'
-- =(2.26)
a pc.n

Kinematic hardening is defined by:

.A
b = a (r)(Q. P)( il - b) (2.27)

a(8

rx=(k'2 + b: b - 21q: b) / kaj(.8
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Where V) is a material constant property that controls the evolving rate of anisotropy, r bounds

the maximum anisotropy within the critical state stress ratio and the anisotropy evolution rate

depending on the shearing mode.

2.4.3. Evolution of viscoplastic strains

Volumetric (IP) and deviatoric (EVP) viscoplastic strain rate components are computed by:

p AvP (2.29)tvp p/

Where AVP represents the viscoplastic strain rate magnitude (analogous to 1D formulation,

Eqn. 2.5) and its 3D generalization is given by:

A = Ra-f( , (2.30)

f( ) = (al exp a - fl2] (2.31)

Therefore, viscoplastic multiplier (AvP) is defined by the internal strain rate (Ra) and a stress

ratio function, a'1 / a' is the ratio between sizes of the loading and references surfaces respectively

and ft 2 is a material parameter that characterizes the decrease in the predicted rate-dependency and

creep properties with stress history.

Ra is defined as an internal strain rate that represents the strain history influence on the general

3D case and has a strong influence on the AvP magnitude. The general evolution law is:

Aa = [fA - Ra].mt (2.32)

When loading the soil in a 3D condition, general straining occurs (i.e., volumetric and

deviatoric strains occur). The activation function (fA) and the transient coefficient (mt) are defined

by:

fA = A (2.33)
k tref
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Po = (k 2 - b: b)n=b (2.34)

Mt= PC 1)11 + 0(11|) (2.35)
Pa Prn

O(|1t|) small term is added to ensure mt is positive when It11 =~ 0. For unloading (CL < 0),

Ra decreases and is determined as:

a ( 3 - 1) - Ra (2.36)
a'

where ft 3 is a material constant that controls the decreasing rate in Ra-

2.4.4. Non-linear small strain behavior

The proposed MIT-SR formulation includes a systematic description of general nonlinear

small-strain behavior and its approach is similar to previous MIT soil models.

A maximum elastic stiffness, often observed after load reversal, is assumed to be represented

by an intrinsic property (Pro):

2

Pro = C:(2.37)

(1 K ( Patm

where Cb is a dimensionless material constant and K/2G is related to Poisson's ratio

1+V The degradation of elastic stiffness is then presented by a transition function:

D
Pr = Pro(1 + - + wsG5) (2.38)

Pro

Material constants D and wS are included to scale volumetric and deviatoric components

respectively. The equation multiplies pro by a factor that considers volumetric and deviatoric

contributions defined by non-dimensional stress measures ( and k,:
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E = (2.39

ks = -:( h)) (2.40

where r is a material constant. Hysteretic stress state variables (o", 1 h) evolution laws are:

gh = t U h (2.41
D. n

2G Eh
Tlh

ws o
+ ( -11h)

n Pro

where th and Eh are the volumetric and deviatoric components of the hysteretic strain rate,

respectively. These components are assumed to be proportional to the elastic strain rate:

th = 1
Pr (

b: b
d2

Eh Pr WS s ( -Evp)
Pr

d 22 (1 - KONC)
2

(1 + KONC + K2NC

(2.43)

(2.44)

(2.45)
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2.4.5. Elastic stiffness and dilation of OC clays

Elastic bulk modulus (K) and shear modulus (G) are defined as:

K =- r (2.46)

3(1 - 2v')
G = K 2(1 - v) (2.47)

2(1 - W')

Incremental effective stresses can be determined by multiplying the incremental strains in each

direction by the respective stiffness:

.) = .0P +. (2.48)
S 2G (E - EvP)

A strain rate term (tdil) is introduced to address clay dilative behavior of overconsolidated

clays. DL is a material constant that controls dilative strain rate magnitude and i" is defined as:

di1 = DL.- vp): [ 1 _-(2.49)

2.5. MIT-SR MATERIAL CONSTANTS AND STATE VARIABLES

The generalized MIT-SR formulation includes 17 material constants (Table 2-2), and 5
internal state parameters (Table 2-3):

* 11 standard material constants, rate-independent parameters essentially inherited from the

MIT-S 1 model (p, Cb, D, r, ws, 2G/K, KONC, s, /in, M, )-

* 6 new material constants, 5 are rate-dependent parameters (pa, fl, re,' fl2,# /3) and 1

material constant utilized to describe dilative behavior of OC clays (DL).

* 5 internal state variables (a', R, a h b, qh), whose initial values must be calculated based

in stress and strain rate history of the past consolidation process.
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2.5.1. Determination of standard material constants

The calibration procedures for these parameters are essentially consistent with the original

formulation (Pestana, 1994; Pestana and Whittle, 1999) and are listed as follows:

1. pc can from 1 D or isotropic consolidation under incrementally loads (IL) or constant rate

of strain (CRS) and its value is obtained from the slope in the NC compression range plotted

in loge - log a' (or log cy'v).

2. Cb governs small strain elastic compressibility and can be estimated from volumetric stress-

strain measurement immediately after unloading and reloading. Considering the difficulty

and inaccuracies generally present in these measurements, an alternative and suggested

procedure is obtaining Gmax value and by adopting a Poisson's ratio (v) value (or 2G/K),

calculate Cb with the following equation that considers de porosity (n) and atmospheric

pressure (pa):

Gmax 3 1 - 2v 1/3

Pa 2 510+V Pa

3. D and r control the nonlinearity of small strain volumetric behavior. Both parameters can

be obtained by fitting 1D or hydrostatic unloading-reloading behavior in IL or CRS tests

(Figure 2-14).

4. w, controls the nonlinearity of small strain shear behavior and can be determined by fitting

either the stress-strain curve for undrained shear tests at small strain range or the

degradation curve of the shear modulus (Figure 2-15).

5. KONC determines lateral earth pressures in 1 D compression in NC range and can be

calculated from KO consolidation in triaxial cell or oedometer rigid wall with pressure

measurements. It also can be estimated with several empirical relationships.

6. 2G /K is related to Poisson's ratio, which can be obtained from ID swelling effective stress

path in triaxial cell (Pestana and Whittle, 1999). These parameters are related by:

2G 1 - 2v

-= (2.51)
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7. q5s is the friction angle in critical state measured in compression at large strains. The model

considers the same critical angle for compression and extension based on an isotropic

Matsuoka-Nakai generalization.

8. #P' and m define the loading/reference surface shape (Figure 2-16). As m changes from 0

to 1, the surface geometry transforms from an ellipsoid to a lemniscate shape. 4 defines

the surface friction coefficient.

For clays, both parameters can be calibrated by fitting CKoUC and CKoUE tests with

standard strain rate. The selected strain rate should be the same as the test to be fitted (e.g.,

ta = 0.5%/hr).

9. ) determines reference surface rotation rate consequence of kinematic hardening. Figure

2-17 presents the evolution of the reference surface during a 1/Ko consolidation test of a

Ko normally consolidated specimen test; it can be observed the rotation and expansion of

the surface due to kinematic and isotropic hardening respectively. V) can be obtained by

fitting the measurements in CKoUE tests (Figure 2-18); ) has negligible influence on

CKoUC.

2.5.2. Determination of new material constants

The proposed model incorporates 6 new material constants: 1 material constant (DL) and 5

rate-dependent parameters (Pa, fl, ref, fl2, /3) that are generalized from the ID formulation and

can be determined with 1 D compression tests data:

1. DL describes the dilative behavior of over consolidated clays during shearing. It can be

calibrated by fitting the effective stress path and undrained strength exhibited in undrained

triaxial tests for specimens with OCR higher than 2 (Figure 2-19); conditions in which

clays are generally expected to exhibit dilation.

2. fl describes the rate-dependency of the internal rate strain (Ra) steady state and has a

significant influence in the shear behavior rate-dependency. It ranges from 0 to pa/pc and

is independent from the viscous property pa/pc. Figure 2-20 and Figure 2-21 present

effective stress paths in CKOUC tests on NC clays executed at different strains rate for /
values equal to 0 (=0.001) and fl = 0.02 = pa /pc respectively.
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3. p,/pc controls the transient process of Ra and can be determined by fitting a creep or

relaxation curve under 1 D compression. Another alternative to estimate this parameters is

to fit the rate-dependent s, in Ko-normally consolidated specimens in CKoUC tests.

4. Eref is the reference volumetric strain rate, generally adopted from the strain rate measured

at the 24hr interval in IL oedometer tests (tref ~1. 107 /sec). It can also be obtained by

calibrating CRS tests and when fl = 0 is ineffective.

5. fl2 governs nonlinear creep properties variation and allows the variation of steady state

rate-dependency behavior in different strain rate ranges. It can be obtained from creep rate

reduction with OCR in different tests. Yuan (2016) suggests /2 ~ 6.8 after fitting limited

experimental data for Salt Lake City and in Chapter 4, with considerable information, l2 =

6.5 was calibrated for Singapore Marine Clay.

6. /33 controls Ra decreasing rate after unloading and can be determined by fitting decreasing

creep rate with OCR during ID swelling. It is important to have a realistic value of this

parameter to ensure realistic creep rates in the clay before shearing from an OC state. Yuan

(2016) suggests f3 ~ 19 after fitting limited experimental data for Salt Lake City and in

Chapter 4, with considerable information, f3 = 9.0 was calibrated for Singapore Marine

Clay.

2.5.3. Determination of initial state variables

The models considers 5 internal state variables including 3 scalars (a', Ra, Uh) and 2 tensors

(b, nh) whose initial values (a', Rao, u ", bop hO) could be estimated by considering stress and

strain rate history of past consolidation processes.

Their initial values can be estimated as follows:

1. The initial value of internal strain rate (Rao) defines the initial viscoplastic strain rate (tvp)

and influences NC clay compression. For OCR~I, R ao can be estimated from the preceding

consolidation process given a known drainage path. For high OCR, Rao = 0 is a reasonable

assumption considering that creep effects are negligible at such condition.

2. Initial size and orientation of the reference surface are represented by a' and bo,

respectively; they both depend on the strain history of the soil. For clay at general stress

state, initial estimates of these values require back analyses to reproduce recent stress paths.
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For Ko-normally consolidated conditions, b0 = q0 and can be calculated with KONC- Initial

OCR is reflected by the initial value of a/a'.

3. Hysteretic state parameters initial values (hO IhI oh) are challenging to estimate from direct

measurements. For practical conditions initial values can be inferred. For OC clays a hO =

ao and jh'0 = -90 can be considered to establish a maximum initial elastic stiffness at the

initial state. For NC clays, uho can be settled at a steady state rate and ihO - 10.
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(al X+aly+(Tlz)- C = EX + Cy + Cz Q, = Qx + Qy + Qz P = Px + Py + Pz
3

...... ........... .................. ............ ... .............. ....... ........................... .............. ... ........... ...................... ............ ... .............. ........ ....................... ... ... .... .... .. ........... ...... .......... ...... ....... ... ..... ...... .................................... ..........
al Cri y - ex - Cz - Qx - Qz) -P -P - bx - bz)(2aly- X- Z) (2ny - qx - qz) (2c (2QY (2 P x z) (2by

S, v6 J6 E, ,,F6 Q, J6 P, b, J6
........... ..... ................. ............... .......... ........... ........ .. ... ... .... .... .. ................................................. ... ... ... ......... ................... .................. .... .... .... .. ................... ......................... ....... ... ... .... .... ... ....................... ............ ... ......... ... ..... ..., ...................... ..................

(CrI Z- or I x 172 = (17Z - 77x) E2 = (EZ -ex Q2 = (QZ - QX) 2 = -(P- - Px) b2 = (bz - b,)

-- T2 J2 T2 - 42 [2 vIT-
.... ... .... .... ... .................. .................. .... I......- ................-........ I ........ ... ............... ... ......... .... ... ... ........ ................... ................. ... .... ..... .................. ................. ... .......... ... .............. ..................... ........ ... ...

S, F2,gxy q3 = NF2qxy E3 = 2,cxy Q3 = F2Q, P, = J2 P, b, = 2b,
.......... ...... ................... .......... .... ........ .. ... ....... .... .. .................. .................. ........ .... ... ... ... .... .... ................... ................. ...... ........... ............. .. .............. ..... ..................... ............... ... .. .... .. .. .................. ................. ....... ............ ... .... .... ..................

S,, f2ar YZ q4 = ,r2,,,, E4= , 2,cyz Q,, 2 Qyz P4=, 2P, b4= 12byz
............. ............... .. ........ .... ... ... ... .... ... .. .................... ................. ... ........ ... ... ... .... .... .. ....................................... ...................................... ..... .................... ........ ... ... ... .... .... .. .................. ...............

S, F2 or U 77-5 = vF2i7zr E, = F2,czx Q5 = f2Qz,, P, = F2 P x b5 = 1'2bz,,

Table 2- 1: Transformed quantities used in MIT soil models ()Whittle and Kawadas, 1994).
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Table 2-2: 3D MIT-SR Material Parameters (Yuan, 2016).

Parameters Physical meaning Suggested calibration method

Pc
Compressibility of NC
clay (LCC regime)

Measure from loge - loga' compression curve

Small strain elastic Derive from high quality small strain measurement of
Cb compressibility G

D
Nonlinear volumetric Measure from 1 -D swelling loge - log' curve

r and deviatoric
hysteretic behavior
wt bMeasure from shear stiffness degradation curve

Alternative measure of
2G/K Poisson's ratio at small Measure from I-D swelling stress path

strain

Lateral earth pressure Measure for NC clays using SHANSEP consolidationKONc ratio in LCC regime

S (Large strain) critical Measure in triaxial compression tests'CS state friction angle

Friction coefficient of
loading/reference Fit undrained strengths for CKOUC on NC clays
surface

Geometry of
mn loading/reference Fit tendency of softening for CKOUC on NC clays

surface

Ip

Pa

Rate of evolution of
anisotropy due to stress
history

Compressibility in
secondary compression

Fit CKOUE behavior over strain range>5%

Fit I -D secondary compression curve or inferred from
reported Ca/Cc ratio

Rate- sensitivity of Measure from the rate-sensitivity of CRS tests
,8 steady state of Ra ________________________

ref Reference strain rate Measure at the 24hr interval in IL oedometer tests (
lxi 0-7/sec)

Nonlinear variation of Measure reduction of the post-unloading creep
2 rate-de endency with property with OCR in I -D swelling

Reduction of creep rate Measure decrease in creep rate with OCR in 1 -D
f83 during unloading swelling

DL Dilation behavior Fit effective stress path for CKOUC with OCR>2
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Table 2-3: 3D MIT-SR Internal State Variables (Yuan, 2016).

Symbol Physical Meaning Estimation of initial values

a' Size of bounding surface ao/a' = OCR

b Orientation of anisotropic bounding bo = iq for Ko-normally consolidated
surface in stress space clay

Activated Rate [I /time] due to Strain rate from the preceding
Ra Actiatrat[ime consolidation on a clay layer with known

historic strainingdriaelnt drainage length

h Volumetric hysteretic state For NC: Eqns. 2.37-2.43; For OC: o-hO =

parameter U0
h Deviatoric hysteretic state parameter -h = Y1 for NC and OC clayshystretc pramter ~, or lay
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Figure 2-1: Typical consolidation curve of strain - log (time) upon an incremental load in an
(IL) oedometer test (Yuan, 2016).
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Figure 2-2: Effect of strain rate in CRS consolidation tests on Batiscan clay (Leroueil et al.,
1985).
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Figure 2-7: Typical consolidation curve of strain - log (time) upon an incremental load in an
(IL) oedometer test (Yuan, 2016).
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Figure 2-9: Conceptual framework for describing compression behavior in the loge-logy'v
space with compressibility parameters pc and pr (after Pestana & Whittle, 1999).
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normally consolidated clay (Yuan 2016).
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Figure 2-12: Plots of the proposed framework consisting of an isotropic critical state surface,
a reference and a loading surface in 3-D principal effective stress space (o'1, a'2, Y'3) (for
illustration purpose only, from Yuan 2016).
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Figure 2-19: Experimental evidence of dilative
predictions with parameter DL (Yuan 2016).

P-0.001
p jp .0.02

0.5 

"

-5

_ O .3 -__-

0.30.3 0.35 OA 0.46 0.5 0.66 0.6 0.6
Mean affctive beas, dice

0.7

b)
0.8 - r - --- w-T,,-- -,- .-

Effective sWess paths in CK UC r0 Critcal state line
RBBC OCR=1-8 V33.5*

, a

0.2 0
*0U

0ybls a (Sahanl199)

0 0.1 0.2 0.3 0A 0.5 0.6 0.7 0.8
Mean effective stress, e'd1

a) Data of ESPs for CKOUC at different OCRs

1.8

1.6

1.2

0.9

0.6

0.3

Effective tress paths in CKUC -
RBBC OCR=4 2s/or 1.7

-1.25
1.

D
CSL-

roc-33.5*

Data (Sheahan, 1991)
MIT-SR prediton

0 Predieled peaks

0.6 0.8 1 1.2 1.4 1.6
Mean effctive stress, aIa'

b) Predictions with different DL at OCR=4

behavior in CKoUC test on RBBC and model

b) 0.9 0
p iP =0.02

065

V 0.7 .5

1 0

0.4

0.3 -
0.01

a) Effective stress paths with P=0.0

0.1 1 10

Vertical strain, .e1%)

b) Shear stress-strain curves with 1=0.0

Figure 2-20: Parameter p on the predicted ESPs for CKoUC tests on normally consolidated
clay (Yuan 2016).

48

g
I
I

a) 0.9

0.6

0.7

0.1

0 0.6

0.4

0.3

- - -



d)
0.9

0-pt O02

c)
0.9 -

OI3 p 4=0.02

0.8 - d, rattLrb

*o5040.7 0.5-

0.6 -

0.5.

0.4 -
CSL
o =335

0.3 .

Vertical strain. E, C%)

50

5
0.7 0.5

0.05

0.6

0.5

0.4

0.3 OA 0.5 0.6 0.7 0.01
Mean effective stress, a7d

c) Effective stress paths with Vpgp/p d) shear stress-strain curves with =p./pc

Figure 2-21: (cont.) Parameter P on the predicted ESPs for CKoUC tests on normally
consolidated clay (Yuan 2016).

49

0.1

'b

0.2 10

8 a Strain raf [W

03



3. NEW HAMILTON LEVEE PROJECT

3.1. OVERVIEW OF NEW HAMILTON LEVEE PROJECT

The Hamilton Wetland Restoration Project' (HWRP) is a wetlands habitat restoration project

at the former Hamilton Army Air Field (HAAF) and the Bel Marin Keys shoreline. The location

of this site is within the City of Novato, north of San Francisco, California.

The airfield operated from 1930 until 1974 and began a closure process under the Defense

Base Realignment and Closure Act in 1988. The base was redeveloped following a 1996 Reuse

Plan, the City of Novato's Master Plan and subsequent plans and processes. Much of the base was

converted to residential and commercial use, with a significant balance set aside for parks and open

space.

The plan of the HWRP is to create a system of seasonal and tidal wetlands by placing

approximately 10.6 million cubic yards of dredged material to raise site elevation, which is now

several feet below sea level. This requires the construction of levees all around the perimeter of

the new wetlands, including enlargement of the existing New Hamilton Partnership Levee (NHPL)

by constructing a new embankment overlapping the outboard (east) side of the levee. The New

Hamilton Partnership Levee (NHPL) is one of several existing levees that surround the HAAF

Base Wetlands Restoration project (Figure 3-1).

The existing NHPL was built between March and October 1996 and functions as a flood

control embankment structure for the New Hamilton Partnership residential area. It consists of

well-compacted, slightly cohesive granular fill, 7200ft long, 11-12ft high, 23ft wide crest, 89ft

wide base and 1V:3H slopes.

The existing NHPL alignment is located on a thick layer (30-40ft) of recent San

Francisco Bay Mud (SFBM). Free field average ground surface elevation is EL. -1.6ft (NGVD),

levee crest average elevation is EL. +9.4ft (NGVD) and water table average elevation is EL. -4.5ft

(NGVD). Note that NGVD elevation zero approximates mean sea level (MSL). Typical

'Nowadays known as the Hamilton/Bel Marin Keys Wetlands Restoration

50



longitudinal and transverse profiles of the levee and subsurface conditions are presented in Figure

3-2 and Figure 3-3, respectively.

3.2. NOVATO CITY MONITORING PROGRAM

Shortly after the completion of the NHPL construction, Novato City instituted a settlement

monitoring program using 32 survey points along the crest of the levee at 200ft intervals; no pore

water pressure or lateral deformations were measured in this program (Figure 3-4). Settlement

markers were installed on the floodwall and monitored periodically; time zero is between 10/07/96

to 12/12/96, depending on the point considered.

The NHPL levee was monitored from Nov/96 to Jan/02 (5.2yrs after construction

approximately). The survey measured settlements (pm) in the range 1.6 to 2.5ft, with a minimum

of 1.1 ft and a maximum of 2.7ft. Eleven set of readings were taken during these years. The

measured settlements are much larger than were originally predicted (0.6ft) based on ID

consolidation analyses with u'p measured in laboratory oedometer tests (at End of Primary

consolidation).

Figure 3-5 shows the settlement-log time data for 4 control points P16, P17, P18 and P19 that

are located close to two test sections of interest (Figure 3-8): Test Section 3 (TS3) and Test Section

5 (TS5). These data suggest that primary consolidation is far from complete (indeed conventional

l-D consolidation analyses suggest the time for primary consolidation could exceed 50 years);

settlements for TS3 and TS5 were 1.65 and 1.57ft respectively (Ladd, 2002). Unfortunately,

observed changes in the elevation of the pavement suggested that the total settlement is higher than

the monitored settlement which only covers post-construction settlement.

3.3. URS SITE INVESTIGATION & MONITORING PROGRAM

During 2002, United States Army Corps of Engineers (USACE) engaged URS to conduct an

intensive site investigation program and analysis that included additional field and laboratory tests,

instrumentation and monitoring program. The purpose was to calibrate analytical and finite

element models (FEM) for further use in design of other levees that were planned to be constructed

as part of the HWRP.

The key objective of this site investigation and monitoring program was to improve the existing

geotechnical characterization of SFBM, the most compressible layer in the subsurface and which
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played a critical role in the general settlement of the area. Summaries of the executed field and

laboratory tests are included in Appendix A.

The following sections highlight the key elements of URS report (2003) that served for this

research.

3.3.1. Laboratory tests

Laboratory tests were executed on samples obtained from all around the project. Data from

samples at TS3 and TS5 included the following:

* 7 CRS tests: CRS-430/431/432/435/440/441/443/444;

* 3 CKoUC tests: TXC-575/584/590 and

* 2 CKoUE tests: TXE-576/603.

These tests were of key importance for the later MIT-SR calibration for the SFBM. Detailed

information about the tests executed at MIT and their results can be found in Nguyen (2006).

3.3.2. Field tests and preconsolidation profile

Several FVT and CPT tests were executed all around the project. URS (2003) compared results

from FVT performed 3ft away from each CPT locations and concluded that results showed good

agreement. In addition, overall consistency of all the FVT and CPT results (Figure 3-6) suggested

that the SFBM is relatively uniform along the alignment of the NHPL levee.

Another key element of this field investigation was the calculation of an OCR profile: from

FV tests and by using SHANSEP equation and Bjerrum's field vane correction method (Ladd and

DeGroot, 2003), an OCR profile is calculated:

U' s , 1/ 1;* psugV) 1/m
OCR = = (SU/ = (3.1)

a', S S

Where OCR is the overconsolidation ratio, o,' is the preconsolidation stress, av is vertical

effective stress, su is the undrained shear strength, Su (FV) is the measured peak field vane strength,

p is the empirical correction factor (Bjerrum, 1972), S is the undrained strength ratio for NC soil

and m is the stress-strength dependency power factor. URS (2003) selected pt = 0.80 based on an
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average Plastic Index (Ip = 0.50) for SFBM, S = 0.25 based on prior experience with SFBM and

results from direct shear tests and m = 0.85.

Results obtained from this methodology were compared with results from CRS and oedometer

tests to establish a unified OCR profile of the site; all methods exhibited reasonable agreement and

resulted in a consistent o' profile. Figure 3-7 presents the results together with an effective

overburden profile (u-'O) for reference.

Bay Mud Crust (top few feet of Bay Mud) is highly overconsolidated with OCR in the range

of about 6.5 down to 3.5 whereas the rest of the SFBM has OCR between 3.5 and 1.45; most of

the SFBM, more than 25ft, has OCR lower than 2.0. OCR profile decreases continuously in depth

with minimum OCR~1.45 at the base of the layer.

Last but not least, SFBM was found to exhibit normalized behavior when comparing Direct

Shear tests on samples from all around the project (URS, 2003).

3.3.3. Subsurface conditions and geotechnical characteristics

As shown in Figure 3-2 and Figure 3-3, the typical soil profile of the area, from top to bottom:

" Levee material: consists of compacted fill placed directly over the airfield pavement and

quite variable in its composition. The fill is generally 11-12ft high in areas where the

material was placed on top of the pavement; in areas with no pavement, the thickness of

the fill varies between 14 and 18ft.

" Airfield concrete pavement: thickness of 3ft, composed by ift of reinforced concrete

followed by 1 ft of lightly reinforced concrete that rests on 1 ft of gravel.

" San Francisco Bay Mud Crust: 2 to 7ft of stiff clay composed of desiccated Bay Mud; most

of the alignment present thicknesses lower than 5ft.

" San Francisco Bay Mud: 30 to 40ft of highly plastic, slightly organic, overconsolidated,

soft to medium stiff clay known as San Francisco Bay Mud. Variables amounts of organic

material and numerous small shell fragments are commonly incorporated into the Bay

Mud.

* +20ft of various, essentially incompressible and highly permeable soil strata (alluvial soil,

stiff to very stiff clay, colluvium) overlying bedrock.
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Water table varies seasonally and is generally located several feet below the ground surface;

elevations of the water table vary between EL. -3.0 to -5.0.

3.3.4. Monitoring program

The monitoring program implemented by URS extended between Jan/02 to Dec/02.

Instrumentation included piezometers, inclinometers and subsurface Sondex settlement devices.

Most of the instrumentation was concentrated in two test sections (TS3 and TS5) considering the

future construction of a test fill that would provide a full scale test of the proposed construction of

the containment dikes and wetlands.

Figure 3-8 presents a plan view with a detail of the elements installed in each section, Figure

3-9 and Figure 3-10 present transverse sections with the detailed, final layout of the instruments

installed.

In sections TS3 and TS5 were installed:

* Piezometers: 3 lines with 4 to 5 piezometers each, 14 piezometers in total, to measure free

field conditions (TS3-Pl-1/4, TS3-P4-1/5 and TS5-P1-1/5); 2 lines with 8 and 5

piezometers each to measure toe conditions (TS3-P2-1/8 and TS5-P2-1/5) and 2 lines in

the center of the levee, with 6 piezometers each, to measure central conditions (TS3-P3-

1/6 and TS5-P3-1/6). Measurements started around Jan/02 and registers continued until

later Nov/2002.

* Sondex Profile devices: 1 device in line 1 and 1 in line 3 to measure free field and crest

conditions respectively (TS3-S1 and TS3-S3). Measurements started the 6/Feb/2002 and

registers continued until later Nov/2002.

* Inclinometers: 2 were installed at line 4' to measure toe conditions (TS3-14' and TS5-14')

and also two at line 3 for crest conditions (TS3-13 and TS5-13). Measurements started the

28/Feb/2002 and registers continued until later Nov/2002.

The registered information is presented in Appendix A and will later be utilized to assess the

performance of different constitutive models in the prediction of settlements and pore pressure of

the NHPL project.
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3.4. NGUYEN SM THESIS (2006)

Nguyen (2006) conducted a detailed independent reanalysis of the settlement of the NHP levee.

Information utilized for these analyses included the URS (2003) report and additional data from

an extensive program of tests carried out at MIT (Germaine, 2002 and 2004). The considered soil

profile and stress history profile are presented in Figure 3-11.

One important aspect of this work is that it was not a predictive assessment of the behavior of

the levee but a calibration of parameters to determine the best set that would had predicted with

most accuracy the measured settlement and pore pressures.

The poor accuracy of previous predictions on the NHPL settlement and overall behavior of

SFBM motivated many aspects of Nguyen (2006) work. Therefore, his work mainly focused on:

1. Reinterpretation of the mechanical properties and preconsolidation stress of the SFBM

based on the available field and laboratory data.

2. Reanalyses of conventional ID consolidation settlement with revised soil properties and

reduced preconsolidation profiles.

3. Parametric, non-linear 2D FEM analyses using the Soft Soil Model (SSM; Neher, Wehnert

and Bonnier, 2001) to represent the behavior of the SFBM.

The first two phases of his work resulted in several conclusions. Following are the most

important details that were later addressed in the 2D simulations:

" CV(NC) values (around 0.06ft2 /day) of the SFBM exceeded DM-7 mean line suggesting that

it would experience high rates of consolidation in comparison to other clays with similar

characterization and site conditions.

* There was a lack of prior investigation and interpretation of the hydraulic conductivity

properties (k, 0 , kho, Ck) of the Bay Mud and especially for the SFBM Crust and Alluvium

soils which are the boundary layer and directly affect the consolidation of the SFBM.

" Most of the SFBM profile was still under recompression and therefore, the importance of

investigating recompression behavior and RR values and the reevaluation of the 7 CRS

provided RR values generally much larger (0.06-0.12) than RR=0.04 selected by URS

(2003).
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* The application of the ID methodology for the calculation of the settlement presented

several drawbacks due to uncertainties from piezometer scattered data, pavement stiffness

and its distribution of load and recompression properties of the BM.

* In order to fit the measured settlement, the preconsolidation pressure profile had to be

reduced 20% (% red = 0.8 u'), a conclusion already proposed by URS in 2003.

The limitations of the 1 D calculations methodology together with the many variables that

induced uncertainties (principally the preconsolidation pressure, the recompression ratio and the

measured excess pore pressure) led to the parametric, non-linear 2D FEM simulations.

The detailed 2D parametric study of the NHPL sections TS3 and TS5 was executed in PLAXIS

2D software v8.2 (Figure 3-12). The simulation consisted on the staged construction of an

embankment in 6 phases and the later consolidation stage. From the available information, it was

deduced that construction lasted around 6-7 months and started in Apr/96. Figure 3-13 presents

Nguyen's (2006) assumption of the construction process. PLAXIS v8.2 limited the construction

stages and each layer was modeled with 2 separate stages: a plastic stage where the cluster is

activated and undrained responses occurs followed by a consolidation stage which allows coupled

deformation and seepage. Newer versions of PLAXIS present features that enable concurrent

modeling of ramped loading and consolidation, representing more closely the actual construction

events.

The parametric study consisted on the analysis of ten scenarios, divided in four group of cases

(A, B, C, and D) to evaluate the effects of: i) the pavement under the NHPL (Cases Al and A2);

ii) the Alluvium hydraulic conductivity (Case B); iii) rate of consolidation, i.e., cv(NC) of Bay

Mud (Cases C1, C2, and C3); iv) the effect of preconsolidation stress profiles (Cases Dl and D2);

and v) the combined effects of o, CV(NC) and hydraulic conductivities of Bay Mud Crust and

Alluvium (Cases D3 and D4). Further information on each case, its parameters and the detailed

results obtained are included in Nguyen (2006).

D4 was the last and best scenario reached and predicted settlement very close to that reported

by URS (2003). Parameters considered in this case are presented in Table 3-1 and results are

presented in Figure 3-15 and Figure 3-16. D4 case considered a 20% reduction in the OCR profile

obtained by URS from equation 3.1 (p D4 = 0.8 up 'as), CY = 0.04ft2 /day and high
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permeability boundaries in the Alluvium and SFBM Crust with hydraulic conductivities equal to

0.005ft/day.

The 2D Finite Element analyzes using Soft Soil Model (SSM) for the SFBM presented several

shortcomings:

" Predictive limitations of SSM: The SSM model does not include creep and hence, the

reduction of the preconsolidation pressure profile is introduced as a method to represent

the measured settlement-time behavior. This condition seriously limits the predictive

capability of the model and therefore, its application for engineering design and

construction.

* Undrained response: unrealistically high undrained initial settlements (and therefore, too

high horizontal displacements) were obtained when Nguyen (2006) calibrated the model

for the consolidation phase. The reason is that when the SSM model is calibrated to match

the consolidation behavior, the resulting undrained stiffness (Eu) is too low and undrained

response of the simulation is exaggerated. SSM is not able to reproduce reasonable

predictions of undrained and consolidation settlement with a unique set of parameters.

" Horizontal displacements during consolidation: SSM was not able to reproduce accurately

the overall increasing horizontal displacements during consolidation, after the end of

construction. In fact, the analysis results show that remains almost constant or exhibit slight

increment or reductions depending on the elevation considered (Nguyen, 2006).

Overall conclusion after the ID and 2D results was SSM is a limited model that: i) did not

provide a feature to capture creep behavior during and after construction and a reduced

preconsolidation pressure had to be considered for this purpose; ii) had limited potential to describe

undrained and consolidation behavior with a unique parameter set and therefore, undrained and

consolidation responses were analyzed separately and iii) continuing lateral spreading, which also

incremented the settlement, was still not captured by the model. Last but not least, Nguyen (2006)

was not able to determine the validity of Hypothesis B for the Bay Mud.
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3.5. RE-ANALYSIS OF NHPL PROJECT WITH MIT-SR

We have reanalyzed the NHPL project utilizing the MIT-SR constitutive model (Yuan, 2016)

to represent the SFBM behavior and assess the performance of the model as a predictive tool by

using a calibration procedure based on laboratory element tests.

Results obtained with MIT-SR are compared against results obtained with SSM and also, with

Soft Soil Creep Model (SSCM; Vermeer and Neher, 1999). This model, which includes one

parameter (p*) to define creep phenomena in the material, serves as an intermediate case between

SSM (no creep phenomena is considered in the parameters) and MIT-SR (5 parameters related to

creep).

The followed working methodology was:

1. Geometry, boundary conditions and material parameters for all materials, with the

exception of the SFBM, were obtained from D4 case (Nguyen, 2006). Geometry was

simplified considering the symmetry of the problem; i.e., only half of the section is

simulated.

2. Calibration of SFBM material parameters with available laboratory and field tests and,

once all material parameters are determined, the calibration of SFBM state parameters for

the OCRs considered in the NHPL project. The calibration of the MIT-SR parameters for

the SFBM parameters was entirely an ex-ante procedure; i.e, no information related to the

performance of the NHPL levee was considered in this stage.

3. FEM simulation of the construction procedure and later consolidation with PLAXIS 2D

software (Version v2017.01) with the models already mentioned: SSM, SSCM and MIT-

SR.

4. Comparison of predictions against monitoring data and assessment of the performance of

the soil models considered.

Model geometry, boundary conditions, materials and mesh are presented in Figure 3-17.

Simulated stages of the model are detailed in Table 3-2. Materials parameters from Nguyen (2006)

are presented in Table 3-3 whereas SFBM material and state parameters are presented separately

in Table 3-4 and Table 3-5, respectively. The explanation and calibration procedure for each of the

parameters is detailed in a later section. Considering that MIT-SR and SSCM consider creep

phenomena, the defined OCR for each of these materials corresponded to the original
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preconsolidation profile defined for the site by URS (2003). This contrasts with Nguyen (2006)

D4 analysis case that uses a 20% reduction in a'p. Table 3-6 presents the OCR and Ko considered

for each SFBM layer.

In addition, SFBM is separated in 7 layers to introduce the different OCRs of the material while

Nguyen (2006) considered 8 layers. This difference was adopted to improve the quality of the

mesh. No significant consequences are expected from this change considering that it merged two

layers with low and very similar OCRs.

Last but not least, Nguyen (2006) used PLAXIS v8.2 while all the new simulations present in

this document were executed in PLAXIS v2017.01 to be able to obtain the required results at

specific points for the later comparisons (e.g.: settlement, horizontal displacement and total pore

pressure). Slight differences in the settlement were observed between SSM simulations with

PLAXIS v8.2 (Nguyen, 2006) and SSM simulations with PLAXIS v2017.01.

The origin of these differences is not addressed in the present document considering that the

main objectives are the comparison of the performance of different constitutive models and testing

their capabilities and not a strict comparison with related previous research projects.

3.5.1. Finite Element Model stages

Main stages of the model consisted on:

* Initial phase where model is initialized and initial stresses are generated.

" Construction phase with a duration of 7 months (215 days), from 11/Apr/96 to 10/Nov/96

(CD=0 to CD=215). This stage is a consolidation stage in which the 1 Ift high levee is

activated linearly in time; a new feature available in PLAXIS v.2017.01.

* Consolidation stage of 1925 days, until the 17/Feb/ 02 (CD=216 to CD=2140). This date

serves as an average installation date of the Sondex (installed the 6/Feb/02) and

inclinometers (installed the 28/Feb/02); i.e., this date is the baseline for Sondex and

inclinometers for later comparisons.

* Consolidation stage of 277 days, until the 20/Nov/02 (CD=2141 to CD=2417). This date

serves as the last, and also the unique, measurement of Sondex and inclinometers devices;

i.e., values obtained from this date are compared to monitoring data using baseline

information of CD=2140.
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* Consolidation stage of 8543 days (CD=2418 to CD=10960) to complete predictions in a

time window of 30 years in 10/Apr/26.

Detailed information of the model phases is included in Table 3-2.

3.5.2. Comparison with field information

In order to be able to compare directly the simulations results against field monitoring data,

several points were selected in the mesh to track their results in time. Figure 3-18 presents in detail

all the points considered.

General, maximum settlement (uy ma,) of the levee was obtained from point A (x=0.0ft, y=-

3.Oft) and was compared against monitoring information from tracking points P17 and P18.

Maximum horizontal displacement (ux ma,) was obtained from point B (x=27.3ft, y=-17.0ft).

The objective was to determine the ratio (ux max/uy max) in. The coordinates of point B were

calculated as the average of the coordinates were each of the models exhibited the maximum

horizontal displacement. SSM, SSCM and MIT-SR maximum horizontal displacement were at the

following coordinates: (26.2, -18.4)ft, (27.4, -17.7)ft and (28.3, -15.0)ft, respectively.

Total pore pressures were compared directly against the piezometers measured values. As

described in URS (2003) monitoring program, and presented in Figure 3-9 and Figure 3-10,

piezometers were located in sections TS3 and TS5 under 3 lines: under the crest (Line 3), toe

(Lines 2 and 4') and free field conditions (Lines 1 and 4). The exact location of each of the

piezometers were identified and average location were defined to track result in PLAXIS models.

The detail of the location of the piezometers in TS3 and TS5 and the specified point in PLAXIS

model is detailed in Table 3-7. In Figure 3-18 were presented the points that were considered for

the pore pressures comparison and informed results.

3.5.3. MIT-SR calibration for San Francisco Bay Mud

MIT-SR contains parameters that are calibrated separately and with different methodologies.

Some parameters can be calculated with equations and laboratory tests while other parameters,

including all the state parameters, require the numerical simulation of laboratory tests to later

compare the results against real measurements. For this purpose, the point-level laboratory test

simulator "Modlab" (originally developed by Kavvadas, 1982), adapted by Yuan (2016) to include
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MIT-SR model, was utilized. In Modlab, all stresses are normalized by the atmospheric pressure

(patm=1= OOkPa) and therefore, are dimensionless.

The calibration procedure of the MIT-SR for the SFBM was divided in two separate and

sequenced stages:

1. Calibration of material parameters with existing laboratory and field data.

2. Determination of state parameters for SFBM layers for the NHPL OCR profile selected

with the all the material parameters calibrated.

3.5.3.1. Sources of information for MIT-SR calibration

Main sources of available information to calibrate San Francisco Bay Mud were:

* Germaine (2002 and 2004): An extensive laboratory testing program executed on SFBM

samples carried out at MIT facilities. The key information used for the calibration was 7

CRS tests (CRS-430/431/432/435/440/441/443/444) performed on samples from TS3-B1

(i.e., free field conditions) and 5 triaxial tests (CKoUC-575/584/590 and CKoUE-576/603)

on samples from TS3-B1, TS3-S3 and TS5-B3.

* Nguyen (2006): "Reanalysis of the Settlement of a Levee on Soft Bay Mud".

* Korchaiyapruk (2007): "Experimental and numerical study of primary consolidation of soft

clay". PhD thesis with 5 IL oedometer tests (Oed- 112/113/116/117/122) and 10 CRS tests

(CRS-654/656/662/672/674/680/683/686/687/691) on SFBM samples.

* Shear wave velocity, natural water content and total density profiles on Bay Mud from

reports on boreholes CCB-25B and CCB-22.

* Yuan (2016): "A new elasto-viscoplastic model for rate dependent behavior of clays". PhD

thesis where the calibration procedures are described.

3.5.3.2. Material parameters

Material parameters were calibrated with the assistance of Dr. Yuan and utilized laboratory

triaxial tests data executed at MIT (Germaine, 2002 and Korchaiyapruk, 2007) and field shear

wave tests.
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The simulation methodology for 1 D consolidation, unloading and CKoUC/E triaxial tests

followed the procedure described by Sheahan (1991):

1. A hypothetical sample with initial Ko=1.0, G'p=100kPa and OCR=4 is considered; the

isotropic, effective stress state is G'y /'p= G'h /a'p=0.25 (&'p=patm). This initial condition

is assumed to have negligible creep effects.

2. Ko-consolidation at a vertical strain rate of 0.10%/hr from the initial stress state to a vertical

effective stress &'v/patm= 4 .O. At this state, the soil reaches a normally consolidated state.

3. 1D Creep is allowed during a period of 24 hours at a constant effective stress state.

The next stage depends on the type of test simulated:

" For undrained triaxial compression or extension tests, the shearing is displacement-

controlled type, where vertical displacements are imposed until reaching critical state. For

SFBM, triaxial tests were simulated at strain rates equal to 0.05%/hr according to Nguyen

(2006).

* For consolidation tests with OCR=1.0 followed by an unloading stage, the 24hr creep stage

is followed by an unloading stage where vertical effective stresses are imposed allowing

the sample to swell and track stresses and strains.

The detailed procedure for the calibration of each of parameter was:

1. The compressibility in the NC regime (p,) was calculated in 5 IL oedometer tests and 10

CRS tests from Korchaiyapruk (2007) and 6 CRS tests from Germaine (2002). Figure 3-19

presents some of the CRS tests considered whereas Table 3-8 presents all the calculated

values of pc. The resulting average of the 21 values obtained was pc=0.26 and this value

was adopted for the SFBM.

2. From Nguyen (2006): KONC=0.47 and 2G/K=1.13. KONC was obtained from the pre-shear

stress state in the Ko-triaxial tests and 2G/K result in a Poisson's ratio equal to 0.26

considering equation 2.51.

3. Small strain elastic compressibility (Cb) is obtained from information provided in boreholes

CCB-25B and CCB-22. The analysis was concentrated between elevations -lOft to -45ft,

elevations corresponding to SFBM in the NHPL project of interest. Field measurements of

shear velocity (Vs), moisture content (ozn) and in-situ total specific weight (yt) in depth are
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available in borehole CCB-25B whereas borehole CCB-22 only provides measurements of

Vs in depth. Assuming a saturated condition and a specific gravity (Gs) for SFBM of 2.70,

void ratios are calculated from water content measurements. Additionally, total density (pt)

is calculated from the average specific weight and gravity. For the elevations of interest,

an average specific weight equal to 1 OOpcf was calculated resulting in a total density of

3.11 slug/ft 3. Small strain shear stiffness (Gma) is calculated from shear wave and total

density. Effective stress state is calculated in depth considering the known height of the

fill, the specific weight of the fill equal to 130pcf and a Ko=0.47, already reported. Finally,

small strain elastic compressibility (Cb) is a function of effective stress state (&'), Poisson's

ratio (v'), void ratio (e) and small strain shear stiffness (Gmax). Equations utilized for the

estimation of this parameter are:

e = &)nGs (3.2)

2G 3(1 - 2v') (3.3)
K 1 +v'

Gmax = Pt Vs (3.4)

2 e 1 + v' Gmax/Patm

3 1 + e 1 - 2v' (-'/Patm)1/3

For borehole CCB-25B, all these calculations are straightforward. For borehole CCB-22,

considering there is no information on void ratio, they were estimated from borehole CCB-

25B based on Vs values measured in CCB-22. Once determined the void ratios, Cb

calculations were executed.

Calculated Cb values for CCB-25B varied between 152 and 232 whereas values calculated

in CCB-22 ranged between 195 and 253. Measurements and calculated values are included

in

Table 3-9 to Table 3-11. The average of all the calculations was 207 and therefore, the

selected rounded value was Cb=2 10.

4. D and r parameters are simultaneously calibrated by fitting the unloading stages of several

CRS tests: 431/432/435/441/443/444 (Germaine, 2002) and CRS-672/674/686/687/691

(Korchaiyapruk, 2007). As described above, consolidation and unloading simulations
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followed Sheahan (1991) procedure. Unloading stage is presented in a',/T',o-As, and

G'v/a'vo-Ae spaces. Stresses are normalized by the last vertical stress before unloading

(&'vo), Asy is the incremental vertical strain and Ae is incremental void ratio. Considering

samples that were compressed into NC regime, the initial point of the unloading stage is

'v/G'vo =1 (OCR=I) and Acv=Ae=0 and progresses towards lower &'v/a'vo values with

positive As and Ae due to swelling. The accuracy of the fitting is focused in the range of

G'v/&'vo 0.1-1.0 (corresponding to OCR between 1 and 10). Although parameters are

calibrated simultaneously, fitting first the r parameter and second the D parameter proved

to be efficient: r parameters governs the general trend of the unloading and while D governs

the swelling at a'v/a'vo<0.5 approximately. One fact that must be considered during these

calibrations is that samples tested in laboratory have different initial void ratios, a condition

directly translated to different void ratios prior to unloading. This spreading in the void

ratio prior to unloading is also exhibited in the unloading stage when presenting results in

the a'v/c'vo-Ae space. Therefore, in this calibration procedure where a unique void ratio

can be considered in the hypothetical sample, most of the effort during the fitting procedure

was focused in the a'v/&'vo-Asv space and a&'v/'o-Ae space was used as a second check.

The unloading simulation corresponding to the selected values of D=0.05 and r=1.00 are

illustrated in Figure 3-20.

5. 4'cs from the CKoUC tests with calculated friction angles in 38.7' and 54.00. An average

$'es=45* value was adopted.

6. 4'm, m, ws and y parameters are calibrated by fitting effective stress paths and shear stress

strain curves in CKoUC/E tests (Germaine, 2002) by simulating the consolidation

procedure used in tests by Sheahan (1991). Parameters were sequentially calibrated: i) O'm

was calibrated first by fitting the compression curve to the measured shear stress-strain

during undrained shearing; ii) m was calibrated by fitting simultaneously the compression

and extension curves from the measured effective stress paths; iii) ws was calibrated by

fitting the stiffness in the extension curve in the 8a-('v-G'v)/ 2 'vc space and iv) y was

calibrated by refining the fitting of the extension curves in the (a'v+Y',)/2Y'vc-(Y'v-

T'v)/ 2 Y'vc. The simulations corresponding to the selected values are presented in Figure

3-21. The selected values are $'m=29.0', m=0.2, ws=15 and y= 10 .

64



7. Dilation behavior assumed to be zero, therefore: DL=0. No CKoUC/E tests with samples

with OCR>2 available to calibrate this parameter. In addition, this parameter was of little

importance for the consolidation and creep cases that were analyzed with FEM models.

8. Compressibility in secondary compression (pa) values were calculated from IL tests from

Korchaiyapruk (2007). Each of the 5 tests considered had 4 secondary compression stages.

Digitized information of the secondary compression stages are presented in Appendix A.

For each of these stages a pa value was calculated (Table 3-12). Values obtained ranged

from 0.0080 to 0.0141 with an average pa value of 0.0110. The average value was selected,

resulting in a selected pa/pc equal to 0.04 (pc=0. 2 6 ).

9. Reference strain rate (tref) was obtained from IL tests from Korchaiyapruk (2007). Each

of the 5 tests considered had 4 secondary compression stages. Digitized information of the

secondary compression stages are presented in Appendix A. In those stages were the

duration was longer than 1 day, the reference strain rate (tref) was determined as the strain

rate at 1 day (Table 3-13). Values obtained ranged from 1.6E-4%/min to 3.8E-4%/min with

an average value of 2.5E-4%/min; a tref=2.5E-4%/min (=4.1E-8 sec-'= 3.6E-3 day-) was

selected.

10. Rate-sensitivity of steady state of Ra (P) was calculated from CRS tests from

Korchaiyapruk (2007); some CRS tests were not considered due to the existence of

induced, elevated pore pressure which reduced effective stresses making their result not

comparable to the considered tests with low pore pressure. Base information are CRS tests

in the a,' - e space (digitized information of the secondary compression stages are

presented in Appendix A), each with a different strain rate (t). For different void ratios that

correspond to the NC regime exhibited in the CRS tests, the corresponding a, level for that

strain rate is identified. This information is replotted in a t - a,' space where it is illustrated

the different levels of effective vertical stress for each void ratio, depending on the strain

rate imposed in the test (Figure 3-22). For each void ratio, the slope of the fitting line is a

potential value of P. Considering that at higher strain rates, higher effective stresses for the

same level of void ratio are expected, the slope of the fitting line is expected to be positive.

The scatter and quality of data strongly conditioned the selection of a P value; certain slopes

were negative. By fitting 6 tests (CRS-654/662/672/ 686/687/691) for void ratio values
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between 1.6 and 2.0 (where most of the tests exhibited NC behavior), the average slope

after discarding negative values was P=0.051. All the considered information regarding

void ratios, stress levels and calculated slopes is included in Table 3-14. Considering that

MIT-SR was developed under the assumption that P should generally lie in the range of 0

to pc/pc (already calibrated and selected pa/pc=0.040), the current analyses assume a

P=0.040.

11. There was no information to calibrate the non-linear variation of rate dependency with

stress history (P2) and the reduction of creep rate during unloading parameter (P3).

Therefore, values calibrated by Yuan (2016) for Salt Lake City were considered. The

selected values are 12=6.8 and p3=19.0. These two parameters (p2 and 13) were calibrated

for Singapore Marine Clay; the detailed procedure is presented in Chapter 4.

3.5.3.3. State parameters

MIT-SR is a rate-dependent model and strain rate effects are defined by state variables which

depend on the stress history of the soil. To accurately describe creep phenomena, it is critical the

methodology utilized to define and specify initial state variables.

The OCRs considered for the SFBM were 3.10, 2.05, 1.70, 1.60, 1.55, 1.50 and 1.45 and the

simulation methodology followed the procedure described by Sheahan (1991):

1. A hypothetical sample with initial Ko=1.0, a'p=100kPa and OCR=4 is considered; the

isotropic, effective stress state is a', /a'p= &'h /ap=0.2 5 (G'p=patm). This initial condition

is assumed to have negligible creep effects.

2. Ko-consolidation at a vertical strain rate of 0.10%/hr from the initial stress state to a vertical

effective stress u'v/patm= 4 .0. At this state, the soil reaches a normally consolidated state.

3. 1 D Creep is allowed during a period of 24 hours at a constant effective stress state.

4. Unloading at a 0.05%/hr rate to a certain vertical effective stress to materialize the

pretended OCR in the sample; e.g., final u'v/patm=1. 2 9 for an OCR=3.10.

5. 1D Creep is allowed during a period of 20 years hours at a constant effective stress state.

State parameters were obtained at the end of this stage. For longer periods of time, there

were no visible differences in the state variables obtained; 20 years was a period long

enough to simulate field conditions of the soil.
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Table 3-5 provides detailed information on the state parameters obtained for the SFBM for

each OCR.

3.5.4. Soft Soil Creep Model for San Francisco Bay Mud

In order to model SFBM behavior with a constitutive model with lower complexity and still

consider creep phenomena, Soft Soil Creep Model was considered as a third, intermediate case

between SSM with a reduced OCR profile and MIT-SR with original OCR profile and 5 creep

parameters.

This model contains the original framework of SSM and includes an additional parameter (p*)

that allows to consider creep phenomena:

Cc
A* = c (3.6)

2.3 (1 + eo)

K*= 2Cs (3.7)
2.3 (1 + eo)

p* = Ca (3.8)
2.3 (1 + eo)

Where Ca is the coefficient of secondary compression and eo is the initial void ratio considered.

As stated in the previous section with SFBM calibration parameters, the ratio pa/Pc = 0.04 was

adopted. Considering Pa/Pc = Ca/Cc, then Ca/CC = 0.04. From Nguyen (2006), * = 0.174 and

eo = 2.5 which results in Cc = 1.401. Then Ca = 0.056 and the parameter p* = 0.007.

Last but not least, by considering creep phenomena in the model, it not required to reduce the

preconsolidation profile of the soil. Therefore, simulations with SSCM consider the original OCR

profile, same situation as the described in simulations with MIT-SR.

Considering KIC = 0.47 and m = 0.35 (Nguyen, 2006), then Koc is calculated as:

KgoC = Kic OCR m (3.9)
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3.6. SIMULATION OF SETTLEMENTS DUE TO LEVEE CONSTRUCTION

Figure 3-23 to Figure 3-32 present the results for the SSM, MIT-SR and SSCM models

simulations and compare them against monitoring data. Where required, total and post-

construction values are plotted separately to evidence the different behavior during the undrained

and consolidation stage of the problem. Contour plots of vertical and horizontal displacements as

well as active and excess pore pressures were obtained from PLAXIS and are included in Appendix

A.

Figure 3-23 present the maximum vertical settlement versus time, from the beginning of the

construction of the levee (April/1996) until 30 years later (April/2026); post-construction

settlement is plotted separately to enable the comparison of consolidation behavior separately.

The models predict very different long-term settlement responses (April/2026): 3.47ft (SSM),

4.91ft (SSCM) and 3.07ft (MIT-SR). SSM and MIT-SR converge to long-term response while

SSCM continues to exhibit increment in settlement due to creep.

There are large discrepancies in the models predictions during the levee construction phase.

MIT-SR predicted at the end of construction a settlement of 0.51m while SSM and SSCM

predicted settlements equal to 1.49 and 1.54ft, respectively. These additional discrepancies reflect

the differences in the modelling of the undrained shear behavior of the models. Unfortunately there

are no data to validate which is more accurate.

The computed post-construction settlements were compared directly against measured data.

Again, the models predict very different long-term, post-construction settlement responses

(April/2026): 1.98ft (SSM), 3.37ft (SSCM) and 2.57ft (MIT-SR).

By analyzing the total response, SSM and SSCM exhibit their limitations to match undrained

and consolidation stages with a unique set of parameters. Both cases had parameters originally

calibrated by Nguyen (2006) for the SSM to match the consolidation phase and accurately predict

the monitored settlements (Points P17 and P18). On the other hand, MIT-SR, with a unique

parameter set and an ex-ante calibration procedure that did not consider any NHPL site

measurement, perfectly matches the monitored settlements in the post-construction curve. It was

not possible to compare MIT-SR prediction of total settlement from the beginning of the

construction since no information was available.
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In addition, when comparing long term prediction between MIT-SR and SSCM, it can be

observed that SSCM consider a constant creep deformation in the long term while MIT-SR creep

rate is reduced. This condition limits the predictive capacity of a model since it strongly depends

on the time window considered whereas if using MIT-SR, creep rate evolves and eventually

reaches a zero condition.

Maximum horizontal displacement and the ratio between maximum horizontal displacement

and vertical settlement were included in Figure 3-24 and Figure 3-25, respectively. These figures

were the best examples of the SSM and SSCM limitations to predict undrained and consolidation

behavior. Both models were directly conditioned by displacements calculated during construction

stage. SSM and SSCM models predicted at the end of construction maximum horizontal

displacements of 0.70ft. These differences were also observed in the ratio (uxB/uyA). If considering

total values, at the end of construction SSM and SSCM predicted relations around 0.45 that later

decayed to values between 0.20 and 0.25. If considering only the post-construction phase, then

these ratios were mostly between 0.07 and 0.10. It must be noted that SSCM ratio keeps increasing

which would be explained only if the creep considered generated a horizontal displacement rate

higher than the vertical settlement rate.

On the other hand, MIT-SR can correctly track the continuous increment of horizontal

displacement due to construction and consolidation progression and therefore, the ratio uxB/uyA can

correctly be tracked even during construction. MIT-SR simulation predicted after at the end of

construction a uxB of 0.1 ft (in contrast to 0.7ft from SSM and SSCM) and a uxB/uyA ratio of 0.20

which later decreased and settled at a value of 0.174. These values did not present considerable

differences when analyzing the post-construction deformations separately and settled at a value of

0.168.

Empirical data by Ladd (1991) showed that uxB/uyA-0. 2 0 are normal while higher ratios are

abnormal for most embankments. MIT-SR was able to track these displacements and provide a

ratio around this reference value while SSM and SSCM exhibited their limitations and their ratios

directly depended on whether the deformations during construction were considered or not.

Total pore pressures from the monitoring program were compared against models predictions

(Figure 3-26 to Figure 3-29). As already stated in Table 3.18, PLAXIS points were specifically

selected at the same locations of the piezometers to make a straightforward comparison. There is
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a general trend: SSCM predicts the higher pore pressures, followed by SSM and MIT-SR always

predicted the lowest pore pressures. SSM and MIT-SR predictions were very similar, only slight

differences were present in the centerline of the levee. SSM and MIT-SR predictions match closely

piezometer measurements.

Last but not least, when comparing vertical settlement and horizontal displacements between

Feb/02 and Nov/02 (installation date and unique reading, respectively) against site measurements,

all models performed similarly (Figure 3-30 to Figure 3-32).It must be noted the limitations of

these comparison considering the small amount of time (277 days) and the existence of a unique

set of values to compare with.

The information provided by the vertical settlement (Figure 3-23), horizontal displacement

(Figure 3-24), their ratio (Figure 3-25) and total pore pressure (Figure 3-26 to Figure 3-29) proved

to be the most important elements to exhibit the robustness and consistency of the calibration

methodology and MIT-SR predictive capabilities. Obtained results with MIT-SR correctly

matched monitored information without any parametric refinement of original calibrations and a

unique set of parameters can be utilized for the complete representation of the loading and

consolidation process of the SFBM under the levee.
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Table 3-1: Parameters considered in D4 case (Nguyen, 2006).

Top EL. [ft] 9.4 -1.6 -1.6 -4.5 -6.2 -10 -20 -41.5

Bottom EL. [ft] -1.6 -4.5 -4.5 -6.2 -10 -20 -41.5 -60

Soil layer Levee Pav. Cracked Base Bay Mud Bay Mud Bay Mud Alluvium
Fill Pav. Course Crust 1 2

Soil Model [-] MC MC MC MC SSM SSM SSM Lna

Type [-] Drained Drained Drained Drained Undrained Undrained Undrained Undrained

-yt [pcf] 130 150 150 145 99.8 92.7 92.7 130

eo [-] - - - - 2.5 2.5 2.5 -

Vur [-] 0.3 0.15 0.2 0.2 0.26 0.26 0.26 0.3

Eref [ksf] 30 1000 200 200 - - - 1000

C' [ksf] 0.02 0.02 0.025 0.025 0.025 0.025 0.025 -

' [0] 37 35 35 35 25 25 25 -

[] 0 5 2 2 0 0 0 -

KONC [-] 0.5 0.5 0.5 0.5 0.47 0.47 0.47 0.7

M [-] - - - - 1.693 1.693 1.55 -

0.174 0.174 0.174
(CR=0.40) (CR=0.40) (CR=0.40)

0.035 0.035 0.07
(RR=0.04) (RR=0.04) (RR=0.08)

kvo, kho [ft/day] 0.1 1.0 1.0 1.0 0.005 4E-4; 8E- 4E-4; 8E- 0.005
________ ______4 4 _ _ _ _

Ck [-] " " " " 1.143 1.143 1.143 -

Table 3-2: Stages considered in the NHPL PLAXIS 2D simulation.

Stage name Stage type Date, start Date, finish At CD HLevee

[-I [-I [-I [-1 [day] [day] Ift
SOO-CD=0 (11/04/1996) Consolidation 11/04/1996 11/04/1996 0 0 0
SOI-CD=215 (11/11/1996) Consolidation 11/04/1996 10/11/1996 215 215 0 to ll
S02-CD=2140 (17/02/2002) Consolidation 11/11/1996 17/02/2002 1925 2140 11
S03-CD=2417 (20/11/2002) Consolidation 18/02/2002 20/11/2002 277 2417 11
S04-CD= 10960 (10/04/2026) Consolidation 21/11/2002 10/04/2026 8543 10960 11
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Table 3-3: Material parameters for NHPL

From EL. Ift] 9.4 -1.6 -4.5 -6.2 -10 -41.5

To EL. IftI -1.6 -4.5 -6.2 -10 -41.5 -60

Soil layer [-] Levee Fill Cracked Base Course Bay Mud SFBM Alluvium
Pavement BsCore Crust

Soil Model [-] MC MC MC SSM Linear Elastic

Type [-] Drained Drained Drained Undrained Undrained

Yt [pcfl 130 150 145 100 130

eo [-] - - - 2.5 -

Vur [-1 0.3 0.2 0.2 0.26 0.3
Eref Iksfl 30 200 200 - 1000
c' [ksf] 0.02 0.025 0.025 0.025

L' 101 37 35 35 25 Model
' 101 0 2 2 0 -

KONC 1-1 0.5 0.5 0.5 0.47 0.7
M [-] - - - 1.693 -

_ * [-I - - - 0.174

C* 1-1 - - - 0.035 -

kvo, kho [ft/day] 0.1 1.0 1.0 0.005 0.005

Ck [-]1 0.1 1.0 1.0 1.143

Table 3-4: SFBM MIT-SR material parameters for NHPL PLAXIS 2D simulation.

Symbols Values Used Data of SFBM Reference

PC 0.26 LCC curves from CRS and oedometer tests
KONC 0.47 Preshear stress states of triaxial tests

Cb 210 Field shear wave velocity tests
2G/K 1.13 - (Inferred from data of RBBC)

D 0.05 1D swelling curves from CRS tests
r 1.0 Nguyen (2006),

WS 15 Degradation of shear stiffness of triaxial tests Korchaiyapruk

V's 450 Shear stress at large strain in triaxial compression tests (2007)

$'m 29
m 0.2 Effective stress paths for triaxial compression/extension tests

W 10
DL 0.0 - (Inferred from data of RBBC)

P./Pc 0.04 Secondary compression of oedometer tests

P 0.04 CRS tests
ref 4.2x10-8/sec Strain rate at 24hr of consolidation in oedometer tests Korchaiyapruk

P2 6.8 - (Inferred from data of SLC clay) (2007)

P3 19 - (Inferred from data of SLC clay)
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Table 3-5: SFBM MIT-SR state parameters for NHPL PLAXIS 2D simulation.

State Unit OCR=3.10 OCR=2.05 OCR=1.70 OCR=1.60 OCR=1.55 OCR=1.50 OCR=1.45
Par.__ _ _ __ _ _ _

Patm [kPa] 101 101 101 101 101 101 101

'/ c ' [-] 2.288 1.753 1.553 1.495 1.467 1.438 1.412

eo [-] 1.763 1.750 1.744 1.740 1.738 1.735 1.731

bo [-] 0.734 0.735 0.735 0.735 0.736 0.736 0.736

b [-] 1.531 1.531 1.530 1.529 1.529 1.529 1.528

b2 [-] 0.734 0.735 0.735 0.735 0.736 0.736 0.736

b3 [-] 0 0 0 0 0 0 0

b4 [-] 0 0 0 0 0 0 0

b5 [-] 0 0 0 0 0 0 0

ah/Ga [-] 1.285 1.035 0.903 0.859 0.838 0.814 0.792

11h [-] 0.851 0.775 0.763 0.761 0.760 0.759 0.757

h 1 [-] 1.297 1.450 1.474 1.478 1.480 1.483 1.486

Ih2 [-] 0.851 0.775 0.763 0.761 0.760 0.759 0.757

1h3 0 0 0 0 0 0 0

Th4 0 0 0 0 0 0 0

f5 [-] 0 0 0 0 0 0 0

Rao [1/day] 5.6E-09 1.5E-07 2.7E-07 3.2E-07 3.5E-07 3.9E-07 4.3E-07

Table 3-6: SFBM Layers, OCR and Ko considered in NHPL PLAXIS 2D simulation.

Top EL. Bottom EL. OCR Ko OCR Ko OCR Ko

Ift Ifti I-1 I-I I-1 1-1 I-1 [-I

-10 -12 2.379 0.637 3.1 3.1 0.70

-12 -15 1.577 0.551 2.05 2.05 0.60

-15 -20 1.341 0.521 1.7 M 1.7 0.57

-20 -25 1.278 0.512 1.6 1.6 0.55

-25 -30 1.231 0.505 1.55 1.55 0.55

-30 -35 1.192 0.500 1.5 M 1.5 0.54

-35 -40 1.164 0.496
1.45 1.45 0.54

-40 -41.5 1.147 0.493
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Table 3-7: Piezometers in TS3 and TS5 and PLAXIS points

TS3 Piezometers
Line

Name Layer X Ift] Y Ift]
TS3P3-1 BMC-BM 3.0 -10.1
TS3P3-2 BM 3.0 -17.1
TS3P3-3 BM 3.0 -24.1

TS3P3-4 BM 3.0 -31.1
U TS3P3-5 BM 3.0 -38.1

TS3P3-6 BM 3.0 -45.1

TS3P2-1 BMC-BM 57.0 -10.8
TS3P2-2 BM 57.0 -17.8
TS3P2-3 BM 57.0 -24.8

TS3P2-4 BM 57.0 -32.8
TS3P2-5 OA 57.0 -39.8

TS3P4-1 BMC-BM 65.0 -10.1
TS3P4-2 BM 65.0 -19.1

8 TS3P4-3 BM 65.0 -27.1
TS3P4-4 BM 65.0 -35.9

TS3P1-1 BM 80.0 -13.5

1 TS3P1-2 BM 80.0 -23.5

. TS3PI-3 BM 80.0 -33.5

TS3PI-4 OA 80.0 -44.5
- - - -13.5

TS5 Piezometers

Name Layer X Ift] Y Ift]
TS5P3-1 BMC-BM 0.0 -11.6
TS5P3-2 BM 0.0 -17.6
TS5P3-3 BM 0.0 -24.1

TS5P3-4 BM 0.0 -30.6
TS5P3-5 BM 0.0 -36.6
TS5P3-6 OA 0.0 -43.1

TS5P2-1 BMC-BM 51.5 -9.8
TS5P2-2 BM 51.5 -17.8
TS5P2-3 BM 51.5 -26.3
TS5P2-4 BM 51.5 -34.3
TS5P2-5 OA 51.5 -41.8

TS5P1-IA BMC-BM 76.5 -11.5
TS5PI-1 BM 76.5 -20

TS5P1-2 BM 76.5 -35

TS5PI-3A BM 76.5 -40

TS5P1-3 OA 76.5 -46.5

PLAXIS points

Point X [fti Y Ifti
C 0.0 -11.0
D 0.0 -17.5
E 0.0 -24.0
F 0.0 -30.9
G 0.0 -37.4
H 0.0 -44.0

I 54.3 -11.0
J 54.3 -17.8
K 54.3 -25.6
L 54.3 -33.6
M 54.3 -40.0

N 65.0 -10.0
0 65.0 -19.1
P 65.0 -27.1

Q 65.0 -36.0

R 78.3 -12.5
S 78.3 -21.8
T 78.3 -34.3
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Table 3-8: Compressibility in the NC regime (pc).

Germaine (2002) Korchaiyapruk (2007)

CRS pc CRS pc Oed. pc

CRS-441 0.301 CRS-654 0.252 Oed-112 0.291

CRS-432 0.270 CRS-656 0.214 Oed- 113 0.280

CRS-431 0.319 CRS-662 0.204 Oed-116 0.244

CRS-435 0.324 CRS-672 0.251 Oed- 117 0.249

CRS-443 0.243 CRS-674 0.255 Oed-122 0.304

CRS-440 0.274 CRS-680 0.276 - -
- - CRS-683 0.264 - -

- - CRS-686 0.246 - -

- - CRS-687 0.259 - -

- - CRS-691 0.242 - -

Table 3-9: Borehole CCB-25B: Total specific weight, moisture content and void ratios.

EL Depth _Yt O_ e

Ifti Ifti IpCfl [-1 I-I
-9.9 18.0 109.3 0.47 1.27
-13.0 21.1 90.6 0.78 2.31
-16.3 24.4 99.7 0.66 1.81
-17.8 25.9 95.5 0.80 2.18
-21.5 29.6 100.7 0.66 1.78
-23.8 31.9 97.3 0.80 2.12
-24.4 32.5 91.6 0.90 2.50
-28.7 36.8 94.1 0.76 2.15
-28.7 36.8 98.8 0.70 1.90
-28.9 37.0 104.8 0.61 1.59
-30.0 38.1 107.8 0.60 1.50
-35.9 44.0 101.7 0.60 1.65
-39.9 48.0 99.7 0.64 1.77
-42.4 50.5 104.5 0.63 1.63

Table 3-10: Boreholes CCB-25B

CCB-25B
EL Depth Vs Gmax

Ift Ift jft/secj [psf]
-19.5 27.6 367.7 420200
-21.8 29.9 344.7 369300
-24.2 32.3 324.9 328000
-26.1 34.2 348.6 377700
-28.3 36.4 321.2 320600
-30.6 38.7 349.6 380000
-32.4 40.5 350.8 382400
-34.2 42.3 328.7 335800
-35.7 43.8 355.2 392200

& CCB-22: Vs measurements and Gmax calculated.

CCB-22
EL Depth Vs Gmax

Ifti Ift] [ft/secj [psf]
-15.4 25.8 350.4 381700
-18.2 28.6 392.4 478500
-19.5 29.9 375.1 437300
-22.7 33.1 373.2 432900
-25.2 35.6 378.2 444600
-25.9 36.3 400.2 497700
-28.1 38.5 403.2 505400
-29.3 39.7 375.8 439000
-30.1 40.5 409.9 522100
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-37.7 45.8 371.7 429400
-40.3 48.4 394.3 483100
-41.3 49.4 367.3 419400
-43.2 51.3 400.6 498700
-44.6 52.7 379.9 448500

-32.3 42.7 417.1 540800
-33.8 44.2 393.2 480591

Table 3-11: Small strain elastic compressibility (Cb) calibration.

Borehole EL. Depth a'yo a' e Gmax Cb
[-I [-1 [fti [psfq [psfl [-1 Ipsf] [-1

CCB-25B -19.5 27.6 3357 2171 1.99 420216 232
CCB-25B -21.8 29.9 3589 2321 1.82 369280 193
CCB-25B -24.2 32.3 3826 2474 2.33 328015 182
CCB-25B -26.1 34.2 4023 2602 2.36 377738 207
CCB-25B -28.3 36.4 4235 2739 2.19 320601 169
CCB-25B -30.6 38.7 4474 2893 1.52 379970 173
CCB-25B -32.4 40.5 4647 3005 1.56 382449 173
CCB-25B -34.2 42.3 4831 3124 1.61 335836 152
CCB-25B -35.7 43.8 4977 3218 1.64 392239 177
CCB-25B -37.7 45.8 5179 3349 1.70 429435 194
CCB-25B -40.3 48.4 5438 3517 1.75 483130 217
CCB-25B -41.3 49.4 5536 3580 1.69 419397 185
CCB-25B -43.2 51.3 5731 3706 1.67 498707 216
CCB-25B -44.6 52.7 5866 3794 1.73 448484 196
CCB-22 -15.4 25.8 3276 2119 1.55 381719 194
CCB-22 -18.2 28.6 3555 2299 1.82 478479 251
CCB-22 -19.5 29.9 3693 2388 1.71 437271 222
CCB-22 -22.7 33.1 4012 2595 1.71 432897 213
CCB-22 -25.2 35.6 4263 2757 1.72 444591 215
CCB-22 -25.9 36.3 4326 2797 1.81 497738 244
CCB-22 -28.1 38.5 4549 2941 1.81 505394 244
CCB-22 -29.3 39.7 4669 3019 1.71 438953 206
CCB-22 -30.1 40.5 4747 3070 1.81 522113 248
CCB-22 -32.3 42.7 4970 3214 1.80 540794 253
CCB-22 -33.8 44.2 5121 3311 1.82 480591 223

Average 207
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Table 3-12: Oedometer tests - Calculated values of secondary compression (p"').

Stage Oed 112 Oed 113 Oed 116 Oed 117 Oed 122 Average

1-2ksc 0.0119 0.0141 0.0097 0.0090 0.0093 0.0108

2-4ksc 0.0108 0.0092 0.0113 0.0107 0.0118 0.0108

4-8ksc 0.0132 0.0132 0.0080 0.0083 0.0116 0.0109

8-16ksc 0.0118 0.0108 0.0097 0.0105 0.0141 0.0114

Average 0.0119 0.0118 0.0096 0.0096 0.0117 0.0110

Table 3-13: Oedometer tests - Calculated values of reference strain rate (ref, [%/min]).

Stage Oed 112 Oed 113 Oed 116 Oed 117 Oed 122 Average

1-2ksc N/A N/A 3.OE-04 3.8E-04 2.OE-04 3.OE-04

2-4ksc 3.5E-04 2.5E-04 N/A N/A N/A 3.OE-04

4-8ksc N/A N/A 2.1E-04 1.6E-04 N/A 1.9E-04

8-16ksc 1.9E-04 1.8E-04 N/A N/A N/A 1.8E-04

Average 2.7E-04 2.1E-04 2.6E-04 2.7E-04 2.OE-04 2.5E-04

Table 3-14: CRS tests, effective vertical stresses and void ratios and calculated P values.

CRS Test 654 662 672 672 672 686 687 691 691 691

t [%/hrl 0.09 0.09 0.10 0.75 1.50 3.00 1.45 0.75 1.50 3.00 $

e CT9y CT9y Cy G'y9 C9v G'9y C79y C9y C9V C9
[-] [ksc] Ikscl [ksc] Ikscl Ikscl [kscl [kscl Ikscl [kscl [kscl [-]

2.00 1.49 1.30 1.60 1.58 1.64 1.72 0.006

1.90 1.83 1.49 1.64 1.70 1.60 1.95 1.97 2.05 2.13 0.038

1.80 2.24 1.85 2.04 2.10 1.99 2.42 2.47 2.55 2.66 0.040

1.70 2.75 2.35 2.59 2.67 2.51 3.06 3.15 3.25 3.39 0.045

1.60 2.74 1.86 3.05 3.36 3.45 3.26 3.53 4.05 4.07 4.10 0.125

1.50 2.57 1.74 3.28 3.53 3.95 4.27 3.31 3.83 3.84 3.85 0.150
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Figure 3-1: Location of the Hamilton Wetland Restoration Project (URS, 2003).
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Figure 3-4: Novato City monitoring program (URS, 2003 and Ladd, 2002).
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Figure 3-5: Settlement vs. Time at points 16 to 19, near TS3 and TS5 (URS, 2003).

80

II

C

I

0

5

10

15

20

25

30
I

I I I 1.
L Pe",

- - w



0 250 500 750
10 0

0 '

43

-5

-10

-15

-20

-25

-30

-35

-40

-45

-501

FACTOR A= a.&W

0 TS2-VI

T3E32-V1.5

0 250 500 750 1000
Corrcted Vans Bhem r Sfrength,(u)FVP

10

ELEV 5 t

z v

20

30

J40

50

60

70

s0
1250 1500 0 25 50

Tip Rosltance., 0 (

Figure 3-6: Corrected vane shear strength from FVT (left) and tip resistance from CPT (right) vs. Elevation (URS, 2003).

81

75

44

5

0

0A

SU =0.25o,, AS.~ ~ ~ 02 0w
Ran poftSeng - -

BIrNwmdy gMoasd

S I

q1

100

- EEWIME2 ;; i

71

- -- -

a a A . I . , - -MMwI

10 1000 125 15W0 0

- -- --- ---- - -



FIELD VANE CORRECTION FACTOR a 0.8

0

-10

15

c2 3 .4 5 a
VWrtC49 WOW"dt 3SUMM 0,,, d,,.w and (d,,m kof

, UvM .inw.a.,. *Hem n ,&& s W- 00e. a .s

TS1 VgS." W Po - 6 I PU - - L a. * MSin

TS4 * 'w*v" -.. m . wseb* - . - .-

TS BBse.v1 W.... e S4MW * -U. 5$.'-B. S*. .mi* t.v ..... pan .s 90. . & . -W..S

TS2

*

o c-asT.SwTem PamObya NEcr A1.
o O--n--I--duest dmh..bT (13 3. 51

Figure 3-7: Summary of NHPL free field ' from FVT (y = 0.8) and laboratory tests (URS,
2003 and Ladd, 2002).

82

- ' mean profile

1 V

(791 +
- - ~ ~

U

I
-20

-25

-35

-40

-5c
0



LEGEND:

dTS3-83

Ts3-P TSMs -. /""1. - .

TS341(TS3-P1) or TM TS5 V' PSS-Pi

L NE 1
rsm

1M3a (TTSP2)

LINE 2

T0MMOa Flood Wall

TSWDATA LOGGES

LINE 4

BM4l '.E AT TE
UEtnONTU LK 3

rSS-Vi F4W 04MARV*AT TS
S SKCIM TS U14I

SEC iMN TU . IE M

A TSP IC.W@ETIAT W35 UCW T53, tf

LEWIE S7AT

Free Field Condition = Virgin Ground:
Line I and Line 4
Under Crest of Levee = Line 3
At Toe of Levee= Line 2 and Line 4'

GS Elevation at Free Field: -1.6 ft
GS ELat the crest of NHPL: +6.9 ft
WT. Elevation: - 4.5 ft

Figure 3-8: Test section area with borings, field tests and instrumentation (URS, 2003).

83



.4 0 3 . 10 0 50 y 10

TLiE 3.1

-1M

-21

F V F
STIFF TO VERYSrIFF CLAY -1

--4

49-

Figure 3-9: Layout of installed instruments in TS3 (URS, 2003).

TSS-V3)P3 TS54-33/13

4 ~LINE 3 *
- F -

- -I 1Mil rail

TOW~se ^nIf T.

Figure 3-10: Layout of installed instruments in TS5 (URS, 2003).

84

I
II U ~4 5

40--

1a

n

I



0

-10

NHPL, Une I Ave. Soll Profile and Stress History (Free Field Condition)
0 0.5 1 1.5 2 2.5 3 3.5 4

.I Profile

(1. pd)

Pavement(150)
- X -4.5

BWOeCEONr-(26) -U

- Crust (37.4)
-10

BAY

MUD

(30.3)

- -41.5

AlUnm

rdnstres

. .
- rb

...... ... ...

Overburden Stress
-- Meand (FV)

V (FV)-TS3-VI

PA4Y (FV)-TS5-VI
p

0 c, (CRSC)-TS3-BI
p ' ' ' ' ' '

I

0 0.5 1 1.5 2 2.5 3 3.5 4

a' and Iksfj

Figure 3-11: NHPL free field soil profile and stress history (Nguyen, 2006).

85

-r-r

-'

C!

0.5
w

-20

-30

-40

-50

-- i-- -, yr r r r -

0.0 S A

Refr no dl 3 tr opd S behm

Noates: r v( usig d Fooe d (74 Metho(

Noe:-a(V lgChandler (8) s ) Fool(4HANSE

0

-10

-20

-30

-40

-50



Bay Mud I

WT% EL .5 A BMnwt Leee FalR Cracked Base Course aew
WT. E1.-4.5 A M Crus PavemewaPvmn

Bay Mud 2

1
-i

.1
4

4*1
.1

a'
1

j
4.,

.4"

-I
4.'

I
49

(150. -60)

Note: - Cradoed pavesneiz under the NHPL and exenided 4.5 ft from the wee except for Case Al with a counnuous pavemet,
- Levee Crest EL.9.4 ft;
- Pavemew EL.-1.6 ft.

Figure 3-12: NHPL Mesh model and materials (Nguyen, 2006).

Loading of the NHPL Levee Fill - NHPL Analysis (Nguyen)

0 6 CD210

CD2115

- Steg

Stage 5
CD180

Crest ThIck/1ess
Stage 4D

Cb150
Ste 3

Q.9

CD120

- Stage 2
CD90
Assumned t =0 for measured settlement

stage 1 7/11/96

CD45

500

Start of Construction
Date 4/11/96

7100

0

150 200
ISO 200

Construction Day (CD)

Consolidation Time [day)

Figure 3-13: NHPL staged construction sequence (Nguyen, 2006).

86

- Alluvium/

(-175, -40)

12

10

8

-

I
6

S4

.2
2

0
250 300

tort of rmeasured settlement
va 11/11/96



0.5
-

-10 0 8e

-15

-20

-25

-30

-35

.408

0.5 1 1.5
O, eVf, , P fkafj

Figure 3-14: Stress histories and predictions for case D4 (Nguyen, 2006).

CD180

(Case 04)""OW Wdr4".

Case D4 (URS. 200)

-- URS (2003)
Case 04 (0.8 UR 2003) Note:

below

, s CD2115
(1/3 /2002)

%17 /

19
16

1000

URS had thin stiff clay (H - 2 ftL
BM; then Sand

.m.sed Setem...
afer EOC

104

Construction Day, [CD]

Figure 3-15: Predicted and measured consolidation settlement of the NHPL for cases URS
(2003) and D4 (Nguyen, 2006).

87

1.5 2 2.5

(FV) BM
(FV) - -Crust1

di (Ce 134) -15

d Cas D4

-D(1-13 S2) H-20
SBAY

-25

-30 %%

-- 35d TS3

(1-D SI-2)
- -TS5
(13 SH2)

Alluvium
2 2.5

0r

I
I

I

0.5

1-

1.5

D4 URS(2003)

0.8 0.8

0.04 0.04

Dx1eO 5.OxlO' 4.x10;8.0x10

Dx10e, 5.0x1e (H - 21t)

*1.0

2

100

-



EL

-101i

-15

- a-secd 4 o

003) X **UR '''0d

Measured it T

Case D4 URS(2003)
Precon. I 0.8 0.8Factor __ ._______

Bay Mud C,(NC) fe/day 0.04 0.04

BM Crust kg kL (ftday) 5.0x104, 5.0x100 4.Ox1O; 8.0x100
Alluvium I k, (ftlday)

(Case D4)
0 

-'a
Sand below (fl/day)

(URS, 2003)

.... .. .. ....t... hOero ffe) L.. .. L..
5.0X10 4, 5.0X104

\~'." .\~
\

(H - 2ft)

1.0

-41.5

0 0.1 0.2 0.3 0.4 0.5 0.6

Excess Pore Pressure Under Crest of NHPL, u [ksf]

Figure 3-16: Predicted and measured excess
CD2115 for URS (2003) and D4 (Nguyen, 2006).

pore pressure at centerline of the NHPL at

88

0 -250
CASED4

-30

-35

-40

-45

.1 /.....
.. .. .. . .. . .

ei irni OmfTQQ:

..................

We a 100 -6.2
Ie at Ts5

at TS3 crust

Nja77s\ -10

S S

ss 'K X",
5, \

a

-20

7



.. . .. . .. . .. .20,0 ... 0 -00 I00 I0,0 ....0 I4,0 I6 0 I8II0I2I0I0 I

Levee

, , Cracked Pavement

Base Course20,00

-40,00

-40,00

-60,00-

/

7

Flow open

Free displacement

I Crust j

Phreatic Level: EL. -4.5ft

Figure 3-17: PLAXIS 2D Model: NHPL simulations with SSM, MITSR & SSCM.

89

y

<7~qlwIyti~ed/. A fNNIyt \/ ~\V~t777

6CR=1.7 OCR=1.34
fud OCRR 10 .28

CR=1.55' /OCR=1.23

/OCR=1.50 2C1.1
OCR=1.45 OR11

CR=1.15'-

0,00 20,00 40,00 60,W0 80,00 100,00 120,00 140,00 160,00 180,00 200,00



0,00 20,00 40,00 60,00 80,00 100,00 120,00 140,00 160,00 180,00 200,00
11111111111|11 I ii 1111111 111 1 1 l i i i li sl iil iii 11111iI 111 I 1 1 11 1 111111 i1,i iiliisi 1 1111111111111l11 1 I l

A=(0.0,-3.0)ft B=(27.3,-17.0)ft

Uy max Ux max

- I

-20,00-

-40,00 -

-60,00

Sections X=0.Oft & X=85.0ft

Comparison w/Sondex

(P,, Feb/02 to Nov/02)

7 7' /

XI

e PLAXIS Point for displacement comparison
Section X=46.5

e PLAXIS Point for total pore pressure comparison
Comparison w/inclinometer

A Piezometer from TS3
(P, Feb/02 to Nov/02)

* Piezometer from TS5

X=0.Oft: X=54.3ft: X=65.Oft: X=78.3ft:

*EL=-11.Oft. .EL=-1.0ft. .EL=-10.0ft. o EL=-12.5ft.

" EL=-17.5ft * EL=-17.8ft. o EL=-19.lft. *EL=-21.8ft.

o EL=-24.Oft. * EL=-25.6ft. o EL=-27.lft. * EL=-34.3ft.

" EL=-30.9ft. * EL=-33.6ft. o EL=-36.Oft.

" EL=-37.4ft. * EL=-40.OFt.

" EL=-44.Oft.

Figure 3-18: PLAXIS 2D selected points and sections for plotting results and comparing against field measurements.

90

~ANL L\/ThVXIA\~



2.8

2 .4- -- -- -- -- ----- -- -- ---- ----

2.. 2..2 .2 --.- -.---- -.-- --- . -.--. - -- -------------- -- - -

2--- --------------------- ---- - - --- ----- --- - ------- ------ -

0

* CRS-431 P, 0 26
1.8 .CRS-432- ---------- :---- - ---

+ CRS-435
A CRS-441
V CRS-443

CRS-444
1.6 -CRS-672-

CRS-691 I 
............ L .... .. .

CRS 431/432/435/441/443/444 from GermWine (2002)
CRkS-672/691 froni Korchaiynpruk (200)7

1.4

0.1 1 10

Vertical effective stress, a' /p [-]
v atm

Figure 3-19: pc selection in log(e) - log(a'y) space.

91



0.0375 f 0.15

MIT-SR * CRS-431

* CRS-432
_ 0 * CRS435

CRS-441 -

CRS-443 ( ,V
e' 0.025 A A CRS-444 T0.1 -

T A CRS-672 *
Te A T-a

-I A o CRS-674 *:1

*. . - o CRS-686 0
= oa 2 a CRS-687 V

S0CRS-691.0

0.0125 -. 05-.:..... ......5 ----- F

Selected parameters:

D=0.05 &r=L.00F

0 0

0.1 1 0.1

Normalized vertical effective stress a' /a'0 [-] Normalized vertical effective stressy' /a' [-]
v 0v v

Figure 3-20: D & r selection in Adv- am/G'p and Ae v/G'p spaces respectively.

92



C/

CA

0.

0. 3 - --- ---. .. -,.-.. . .... -... . .- -.-.. ..-..- -
--- : 450

2 -- - - -- -- . ------- - - -. ..... - - - - - - - - - - -.-.- --.-.. . - - -

..- - - - - - - - -:- - ------- ------- I - - - ......- - - - - - ........ . - - - - - - ..- -. ..- - - - -

0 -

3-

0.

0.

-0.

-0.

-0.

0.4

0.31

U

0.2

S0.1

0.

0.0

-0.1

-0.2

-0.3
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Mean effective stress, V/a' = (a' +a' )/2a'
vc v h vc

0.0 5.0 10.0

Axial Strain, ai [%]

Figure 3-21: 'm, m, ws & y selection in q/a'vc vs. p'/a'vc and q/a'vc vs. Ca spaces respectively.

93

-- ...... - .--- - -e- TXE-603 . .. .
TXE-576

-0-TXC-590

-U- TXC-575
TXC-584

MIT-SR

---- -- -- ...... .. ..--. .. ... .-- -. .-- ----- ----- ---.--.- -- ----

- --- ~ ~~ ~~ --- ---.-.---- --- --.--.-- -.--- .- .

15.0



5

0.1 1

Strain rate [1/day], log scale

Figure 3-22: P selection in log(t) - log(a'vc) space.

94

CU

(U

0

0

-4-e=2.00

S e=1.90
e=1.80 p 0. 125

-- e=1.70
-k-e=1.60

p =.040
------------- ----- ------

0=0.3038

P=4.0

P: slope of the fitting line in double g space.
I I 

I I I I I I

4

3

2

1
10

m



0

- - SSM (post-const.)
--- -- MIT-SR (post-const.)
---- - SSCM (post-const.)

1 -- --------------- -0-- -- --------------- 0 Site M easurem ent (P17)
' Site Measurement (P18)

-%

-
2- -l.oMIT

End of Construction (CD=2 15) SC

0 2000 4000 6000 8000 1i04  1.2i04

Time from start of embankment construction, CD [days]

Figure 3-23: Vertical settlement of top of the clay in time.

95



0

0

S
0

C
N

0

S

0.2

0.4

0.6

0.8

1

1.2

0 2000 4000 6000 8000 1 10 4

Time from start of embankment construction, CD [days]

Figure 3-24: Maximum horizontal displacement in clay in time.

96

- SSM (post-const.)
--- -- -- MIT-SR (post-const.)

..-.- - - SSCM (post-const.) ------- -

MIT-SR
-- ---------------------------------- -- ----

- - - -- -- --- -

SSM

SSCM-
1End of Construction (CD=215)

1.2 i0 4



0

.MIT-SR
0.1--------- --------- ------------- ------------- ------------ --

- 0.2-- - --- - -

02

SSCM-
-- S SSM

, 0 .3 ----------------------------- --

0 .5 - .. ..-- ... ....-- - - - -- - -.. ----------.. ........... .:- - -- - - - S SM (p o st-con st.)- -- -
--- -- MIT-SR (post-const.)

End of Construction (CD=215) ---- - SSCM (post-const.)

0.6

0 2000 4000 6000 8000 1 104  1.2 i0 4

Time from start of embankment construction, CD [days]

Figure 3-25: Ratio of maximum horizontal displacement and maximum vertical settlement in clay in time.

97

SIMON liimim - -



3000

M

.)

ti)
0.

t.

04

Measurenients from T$3 & TS5. SSM
Comparison at Line 3. MIT-SR

istance from centerlit e: O.Oft SSCM
* TS3P3-P1

..... ............... EL.:=-44.Oft --....-. IS
+ TS3P3-P3
A TS3P3-P4
v TS3P3-P5
L TS3P3-P6

E. -e TS5P3-P1
+ T.- ..P3
* TS5P3-P3
A TS5P3-P4

EL.: =-30.9ft v TS5P3-P5
TS5P3-P6

EL.: =-24.Oft

e EL.: =-17.5ft

EL.: =-11. Oft

End of Construction (CD=215)

0 2000 4000 6000 8000

2500

2000

1500

1000

500

0

Time from start of embankment construction, CD [days]

Figure 3-26: Total pore pressure in reference centerline (Line 3) points in time.

98

1 104



3000

2500

2000

1500

1000

500

0

I I!

Measurerments from T$3 & TS5.

Comparison at Line 2.:

Distance from centerioe: 54.3ft

r - - - - - - - v

A
V

0

-- SSM
- MIT-SR
-SSCM

TS3P2-P1
I S3P2-P2
TS3P2-P3
TS3P2-P4
TS3P2-P5
TS5P2-P1

-P3
-P4
-P5

+ TS5P2
---... ...... ..- - -.. ----- - --- ------ ------

* EL.: =-33.6ft v TS5P2

EL.: =-25.6ft

i~

0

%+-
0

0

04

- I

0

End of Construction (CD=215)

I I

2000 4000 6000 8000 11 4

Time from start of embankment construction, CD [days]

Figure 3-27: Total pore pressure in reference toeline (Line 2) points in time.

99

I-
EL.: =-17.8ft

------- -- --- -- --- -

K
"" " -

- I

6

EL.:. =-40.Oft 9



Measurerents from T$3.
Comparison at Line 4.
Distance from centerlioe: 65.0ft

-r

........................ .. E L .- =-36.Oft -
I A
I A

500

0

0

a)
a.)a.)

a.)
C.)

a.)
'-4a.)
a.)
'-4

a.)

a.)
'-4

a.)
I-
0

0
H

EL.: =-10.0ft

End of Consisiction

0 2000

(CD=2:15)

4000 6000 8000

Time from start of embankment construction, CD [days]

Figure 3-28: Total pore pressure in reference free field line (Line 4) points in time.

100

3000

2500

SSM
MIT-SR
SSCM

* TS3P4-P1
* TS3P4-4
+ TS3P4-P3
A TS3P4-P4

2000

1500

1000

---- --

110 4

-------------------------

-------- ............. EL .: =-2 7. 1ft :.

I:bEL.:=-9ft=



3000

2500

2000

1500

1000

500

0

I I

Measurements from T$3 & TS5.
Comparison at Line 1.:
Distance from centerlio. e: 78.3ft

-r--------- ----------------- ----------------...... ...I - -----

SSM
MIT'-SR

-- SSCM
* TS3P1-P1

V TS3P1-P3
* TS5P1-P1

v TS5P1-P3
%a4

0

a)

0.

a)-

S.

End of Construction

0 2000

(CD=215)

4000 6000 8000 1 104

Time from start of embankment construction, CD [days]

Figure 3-29: Total pore pressure in reference free field line (Line 1) points in time.

101

EL.: =2 1. 8ft

I---------.--------------- --------------------------

~ --

~ I 4iFn

. ............-

---------

EL.: =-36.0f



-10

-20

-30

-40

-- - -

---------- -------- - - - - --- -.. ..... .. --------. -------..

. .. . . . . . . . . . . . . . . . .. .......

-------------............................

Vertical settiement of centerline measuredb n----------- ------- ---- -1- -- ----betwe .en 1 -7/peb/02 -and - l/Nv/62.

0 0.05 0.1 0.15

- -

0.2

Vertical settlement of centerline (Line 3) [ft]

Figure 3-30: Vertical settlement at centerline (Line 3), between 17/Feb/02 and 11/Nov/02.

0

-10

-20

-30

-40

0 0.05 0.1

Vertical settlement of free field (Line 1) [ft]

Figure 3-31: Vertical settlement at free field (Line 1), between 17/Feb/02 and 11/Nov/02.

102

0

0

0.25

0

Ground surface at EL.: -1.6ft- - -- - --------------------- ----------- -------- ----------- -------------- ----------------

------------- ------------------------------------------------------------------------------------.

Vertical settlement of freefield measured
between 17/Feb/02 and 11/Nov/02.
Section located 85ft frofn centerline.1

0.15

-----------. ..- -------- ------- ..- ----- .- .- ------ -

-.....................

SSM
-- MIT-SR

-- SSCM
* TS3-S3 Sondex



Grouftd surface at EL.: -1.6ft
------------ ------------- ------ ----------

- 1 0 .--- -- - -- -- - -- -- - -- ---------------- -- --- - ---- o ---------------------- ------

SSM
--- _ MITSR

SSCM
0 0 TS3-14' Inclinometer

U TS5-14' Inclinometer
-3 0 - ----------- - - - -- -- - --------- - --- ----

Sectiofi located 46.5ft from

-40 centerljnH1orizontaj pjaceMent _-
of toelie between 17/Feb/02
and 1 1/Nov/02.

-5 0 x ... . ..... .. .. ... .. .. .. .

-0.02 -0.01 0 0.01 0.02

Horizontal displacement of toe line (Line 4') [ft]

Figure 3-32: Horizontal displacement at toe line (Line 4'), measured between 17/Feb/02 and

1 1/Nov/02.

103



4. LAND RECLAMATION SETTLEMENTS, MARINA BAY, SINGAPORE

The current Marina Bay area has been formed at the mouth of the Kallang and Singapore rivers,

through a program of offshore land reclamation that started in the 1950's and was executed in

several separate stages and locations (Figure 4-1). Figure 4-2 presents a more detailed plan view

of the bay area of interest for this chapter and in white the reclaimed territories.

This offshore land reclamation was carried out by first placing dredged sand fill to form an

embankment onto the original seabed (sediments below the pre-existing mudline comprise marine

clays of the Kallang formation and Pleistocene Old Alluvium), While many more recent

reclamation projects in Singapore have used full depth PV drains to accelerate consolidation in the

highly compressible marine clays, no such provisions were used at the sites around Marina Bay.

The date, duration and reclaimed area of these processes is detailed in Figure 4-3. The current

chapter considers the on-going consolidation settlements of the sites around Marine Bay using

monitoring data from two recent subway station projects; T228 (Gardens by the Bay) and T302

(Gardens East facilities building) for the MRT Thomson Line.

Main sources of information for this chapter were:

" Arup (2014): Geotechnical Interpretative Baseline Report for contract T228. Report with

subsurface interpretation of the ground conditions of the site and a summary of the soil

properties for the design of Station TS22, twin bored tunnels from TS21 to TS22 and twin

bored tunnels from TS22 to Marina East Bay.

" Mott MacDonald (2015): Geotechnical Interpretative Baseline Report for contract T302.

Report with subsurface interpretation of the ground conditions of the site and a summary

of the soil properties for the design of the facility building TE22A, twin bored tunnels from

GBME Shaft to TE22A and twin bored tunnels from TE22A heading to the north interface

with contract T303 and its cut and cover section.

* Amberg & TTI (2004): Final Geotechnical Interpretative Report for the reconstruction of

the braced excavation system at Nicoll Highway. Report with subsurface interpretation of

the ground conditions of the site and a summary of the soil properties for the design of the

proposed reconstruction.

" Corral & Whittle (2010): Re-analysis of deep excavation collapse using a generalized

effective stress soil model. This paper re-analyzed a well-documented failure of a 30m
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deep braced excavation in underconsolidated marine clay using MIT-E3 effective stress

soil model. The analyzed site in the paper is close to T228 and T302 areas and the

information contained is considered to be representative of marine clay in the areas of

interested of this research. MIT-E3 calibration for the marine clay served as a source of

information to determine several MIT-SR parameters.

" Kiso-Jiban report (1978): Laboratory soil test results for B747 Hangar complex at Changi

Airport, Volume I. The report includes different laboratory tests for soils present in the

area. Regarding Marine Clay, consolidation tests BH8-U4-S3, BH8-U4-S4, BH8-U6-S3

and BH8-U6-S4 were considered for this research considering that the test loads were

higher than the original in-situ stress and ensured a NC behavior and minimized sample

disturbance influences.

" Choi (1982): Consolidation behavior of natural clays. This PhD thesis included tests on

many clays, Singapore Marine Clay included. Executed consolidation tests included CRS

(SC-15 to SC-1 8, rates ranged from 0.45%/hr to 0.13%/hr), IL without surcharge (samples

SC-I to SC-6) and IL with surcharges (SC-7 to SC-14 and SC-19 to SC-22). Series 3 (SC-

7 to SC- 10) allowed in each surcharge step a determined consolidation degree (60%, 80%,

60% and 90%) before unloading and allowing a creep stage. Series 4 (SC- 1I to SC-14) and

Series 6 (SC-19 to SC-22) reached EOP in each surcharge step, unloaded and allowed

creep. In each Serie, first sample was tested without surcharge and used as baseline

comparison to assess surcharge effects in consolidation and creep behavior. The most

useful source of information for the MIT-SR calibration was provided by Series 4 and the

CRS tests.

" Tan et al. (2003): "A characterisation study of Singapore Lower Marine Clay." This paper

contains, among other information, the variation of Gmax in depth in the Singapore Arts

Centre (SAC).

4.1. OVERVIEW OF MARINA BAY T228 & T302 PROJECTS

The Land Transport Authority is currently developing the proposed Thomson Line of the

Singapore Mass Rapid Transit system. The area analyzed in this chapter was enclosed in contracts

T228 and T302 (Figure 4-4). The ground levels within these contracts, taken from topographical

surveys and site investigations, range mostly between +103 and +05mRL.
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Contract T228 includes the construction of station TS22 with a launch shaft, twin bored tunnels

driven from station TS21 towards TS22 and twin bored tunnels from station TS22 to the escape

shaft at Marina Bay East. Contract T302 comprises a cut and cover underground facility building

and two bored tunnel drives either side of the building. Contract T228 area is underlain by

reclamation fill placed from 1979 to 1985 and includes "Phases VII", "Marina Channel" and

"Phase VI" and contract T302 reclamation area included "Phase II" (1970 to 1971) and "Phase

VI". Little to no information was available on the materials utilized for the reclamation process.

The present chapter is focused on the characterization of the compressive and creep behavior

of the materials to later simulate the reclamation process and estimate current creep rates. These

predictions were compared against current settlement rates in markers which areas are considered

to be unaffected by construction works. In addition, predicted creep rates are expected to serve as

baseline values for ongoing engineering design were no creep phenomena is considered in the

numerical models.

4.2. MARINA BAY GEOTECHNICAL CONDITIONS

The main geotechnical units present at these sites can be summarized as follows:

* Reclamation Fill: encountered from the surface in all boreholes and can be described as

very loose to medium dense fine to coarse sand with gravels and sea shell fragments,

generally poorly graded, clean and highly permeable. The material is highly heterogeneous,

composed of various granular and cohesive materials. The larger portion of this material is

considered to be sandy and sourced from past dredged works. Thicknesses range from 8.0m

to more than 20m with an average of 13.0m; the higher thicknesses are found along the

current shoreline of Marina Channel (note that the bay was impounded by a barrage that

was completed in 2008).

" Kallang Formation: consists of recent alluvial and marine deposits of Holocene and late

Pleistocene Age and can be found on the southern and eastern parts of Singapore, near the

Singapore River and other river valleys. It overlies the eroded upper surface of the Old

Alluvium Formation and rapid changes in thickness of the stratum are common across the

site. The existing and substantial variations of the Kallang Formation thickness are

principally due to deeply incised channels in the underlying Old Alluvium (see Figure 4-5)
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and dredging of Marine Clay in some locations in connection with construction of former

marine works.

* Old Alluvium: typically described as a dense to very dense silty gravelly sand and very

stiff to hard sandy clay and sandy silt. The Old Alluvium (OA) is a partially lithified, dense

deposit of interbedded sands, silts and clays laid down in a slowly subsiding basin during

one of the Pleistocene interglacial periods. It is weathered in the upper few meters, typically

becoming weakly cemented in the unweathered state. Due to its depositional environment,

the OA is laterally and vertically highly variable with rapid and frequent variations.

Figure 4-6 and Figure 4-7 present typical profiles encountered in T228 and T302, respectively.

4.2.1. Kallang Formation and Singapore Marine Clay

Marine Clay is the dominant member of the Kallang Formation and the deposition sequence

contained two separate units: Lower Marine Clay (LMC) and Upper Marine Clay (UMC).

Between these stages, the decrease in sea level exposed to the LMC and allowed for desiccation

processes to generate a crust and consolidate the upper portion of LMC. The formation of the UMC

took place at a later stage with a higher sea level.

The Upper Marine Clay is a dark greenish grey clay with occasional shell fragments, organic

materials and traces of fine sand and is usually very soft to medium stiff. LMC is similar to UMC

but generally has a soft to firm or firm consistency, a higher density and an overconsolidation

lower than the encountered in UMC. The desiccated crust of LMC, up to 6m thick, presents OCR

higher values than UMC.

The intermediate unit between UMC and LMC is a complex mixture of dense sandy silts or

silty clay layers, variously reported as either fluvial clays (F2) or estuarine clays (E), with OCR

values as high as 8. In some places, an intermediate sand layer (i.e.: fluvial sands, Fl) could be

found instead of a desiccated layer; thus the stiff intermediate crust is not continuous in the Marina

Bay area. Also, depending on the area, layers of F 1 and E can be found on top of the UMC and

below the LMC.
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4.2.2. Original seabed conditions and preconsolidation profile

In order to be able to represent the reclamation process and simulate the consolidation and

creep phenomena from the beginning, it was necessary to determine the original geotechnical

profile of the area, prior to the reclamation.

As can be observed in Figure 4-2 to Figure 4-3, the current Marina Channel area has no fill

and current seabed would strongly resemble to seabed conditions prior to the placement of the

reclamation fill. Information obtained from Arup (2014) was presented in Figure 4-8 and Figure

4-9; a simplified profile from top to bottom would comprise UMC, F2, LMC and OA.

In Figure 4-9 (Arup, 2014), preconsolidation pressures were obtained from oedometer tests;

values that plotted below current vertical effective stress were discarded. There is considerable

scatter in the measurements of -'p. However, the data do consistently suggest that the Marine clay

is lightly overconsolidated. Arup (2014) proposed that the upper limit of OCR could be obtained

by assuming excavation/dredging equivalent to 40kPa (Figure 4-9a), leading to the OCR profile

shown in Figure 4-9b. Digitized and analyzed information from Figure 4-9 is presented in

Appendix B. OCR values for UMC range between 8.70 and 1.50 whereas for LMC these values

are between 1.46 and 1.22. Figure 4-9c compares the undrained shear strength profile from field

vane tests, with SHANSEP derived profiles using reference parameters S=0.22 and m=0.8. The

measured data shows that the measured strengths are significantly higher than those predicted for

OCR=1.0, but fit very closely with the assumption of a prior 40kPa overburden.

There is no direct information on undrained shear strength properties for the F2 (intermediate)

layer within the Marina Channel. This required information was obtained from Figure 4-10 where

points corresponding to the boreholes of the Marina channel (RE0003 to RE0008) were identified

and digitized. The undrained shear strength values were utilized together with the estimated

vertical effective stress to calculate OCR values according to SHANSEP methodology (equation

3.1) and the already quoted values of S=0.22 and m=0.8 (Figure 4-9). The average OCR obtained

for F2 layers was 7.30.

A summary of the stratigraphy encountered in the canal, and which is considered as the

baseline for pre-reclamation analyses, is:
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1. UMC layer from +93.OmRL to +83.5m (ELs +93.0 to +90.OmRL with OCR=5.70, ELs

+90.0 to +87.0mRL with OCR=2.40, ELs +87.OmRL to +84.0mRL with OCR=1.85 and

ELs +84.OmRL to +83.5mRL with OCR=1.60).

2. F2 layer from +83.5mRL to +80.OmRL with OCR=7.30.

3. LMC layer from +80.OmRL to +64.OmRL (ELs +80.0 to +77.0 with OCR=1.40, ELs

+77.OmRL to +74.OmRL with OCR=1.35, ELs +74.0mRL to +70.0mRL with OCR=1.30

and ELs +70.OmRL to +64.OmRL with OCR=1.25).

4.3. T228 & T302 SITE MONITORING INFORMATION

Current site measurements in these sites evidence ongoing settlement on markers installed far

away from station TS22 (T228) and facility building TE22A (T302); these markers are assumed

to provide a free field condition.

Information corresponding to 17 markers were available for comparison, 10 from TS22 (T228)

and 7 from TE22A (T302). The detail of the monitored points and their distance to ongoing

construction works are:

* TS22: LG28A019 (66m), LG28A020 (105m), LG28A055 (66m), LG28A056 (105m),

LG28B019 (115m), LG28B020 (70m), LG28C035 (66m), LG28C036 (40m), LG28C055

(1 15m) and LG28C056 (105m).

" TE22A: LG290020 (20m), LG290030 (38m), LG290065 (38m), LG290070 (38m),

LG290075 (38m), LG290080 (38m) and LG290085 (38m).

Figure 4-11 and Figure 4-12 present plan views of TS22 and TE22A with the considered

markers and their distances from ongoing construction works. Figure 4-13 and Figure 4-14 present

the measured settlement in time. Settlement measurements in TS22 date from Aug/15 to present

while in TEA22 measurements start in Jul/17.

Stratigraphies in markers locations near TS22 and TE22A had to be estimated from the ground

conditions observed in these particular locations; 3D extrapolation based on boreholes in TS22

and TE22A was provided by Dr. Yuepeng Dong. The reliability of the methodology implemented

is limited considering that the extrapolation distance was generally between 30 to 70m, sometimes

+I00m.
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Settlements rates were calculated as the slope of the best fitting line. The periods considered

varied depending on the available information. Rates considering all the information were

calculated. The extrapolated stratigraphies for each settlement marker and the calculated

settlement rates for T228 and T302 are informed in Table 4-1 and Table 4-2.

4.4. ANALYSES OF MARINA BAY AREA WITH MIT-SR

The reclamation process in the Marina bay area was analyzed utilizing the MIT-SR constitutive

model (Yuan, 2016) to represent the compression behavior of the UMC, F2 and LMC units and

assess the performance of the model as a predictive tool for estimating long-term settlement rates.

The followed working methodology was:

1. Determination of specific stratigraphies to represent the cases encountered in T228 and

T302. Geometry was simplified considering the symmetry of the problem (i.e., only ID

simulations were considered).

2. Calibration of UMC, F2 and LMC material parameters with available laboratory and field

tests. Then, calibration of UMC, F2 and LMC state parameters for the OCRs considered in

the Marina Bay area. The calibration of the MIT-SR parameters for these 3 materials was

entirely based on laboratory tests.

3. FEM simulation of the reclamation process and later consolidation with PLAXIS 2D

software (Version v2017.01).

4. Comparison of predictions against monitoring data and assessment of the performance of

the MIT-SR model.

4.4.1. Selection of stratigraphies for analyses in T228 and T302

4.4.1.1. Soil thicknesses in T228 and T302

All the available information from the boreholes was analyzed to establish the thicknesses of

all the layers and define stratigraphies that represent typical cases.

For this purpose, boreholes were digitized and thicknesses of Fill, UMC, F2 and LMC were

calculated. To obtain a robust representation of the site, a simplified methodology was followed

and materials above UMC were considered as Fill, materials between UMC and LMC were unified

as F2 and all materials below LMC were defined as OA. Therefore, from top to bottom the soil

layers were: Fill, UMC, F2, LMC and OA.
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With all the boreholes digitized, a histogram of layer's thicknesses were calculated for each

site; 62 and 114 boreholes were considered in T228 and T302, respectively. Since total settlement

and creep rate are directly related to total Marine Clay thickness, the histogram also considered

total Marine Clay (MC) as the summation of UMC and LMC. Table 4-3 presents the histograms

for each site separately and also, a histogram of marine clay for both sides.

A summary of the information provided by these histograms:

" Fill layer varies principally between 10 to 14m in T228 whereas in T302 it varies between

8 to 16m. There are some isolated cases with Fill layers of +19m and the most

representative value is 13.0m.

" UMC layer varies principally between 7 to 12m in T228 whereas in T302 it varies between

6 to 15m. The larger observed thickness was around 15.5m.

* F2 layer varies principally between 1 to 5m in T228 whereas in T302 it varies between 1

to 6m. This layer exhibits a strong concentration in the range between 2 and 4m in both

areas; the most representative value is 3.5m.

" LMC varies principally between 3 to 17m in T228 whereas in T302 it varies between 3 to

20m. LMC variation and height is larger than the observed in UMC.

" MC, defined as the addition of UMC and LMC, varies principally between 10 to 25m (peak

in 16.5m) in T228 whereas in T302 it varies between 12 to 29m (peaks in 21.5 and 23.5m).

Marine clay thicknesses in T302 are generally slightly larger than in T228. When

considering both areas together, marine clay varies between 10 to 30m with a concentration

in heights between 21 to 26m.

4.4.1.2. Statistical analyses of stratigraphy and representative thicknesses of layers

The information provided by the boreholes in T228 and T302 was statistically analyzed by

assuming that their probability density function was normal and fitting values to the available data

sets. Mean (pt) and standard deviations (a) were calculated for 3 data sets (T228, T302 and

T228+T302) and the 95% confidence interval were determined (pa 2a). The results from these

fitting procedures are informed in Table 4-4.

From these analyses, the following facts were extracted:

* Fill: Havg=13.0m (T228 & T302) and the 95% confidence interval is 8.2-17.6m.
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* UMC: Havg=9.6m (T228 & T302) and the 95% confidence interval is 5.5-13.8m.

* F2: Havg=3.5m (T228 & T302) and the 95% confidence interval is 1.2-5.9m.

* LMC: Havg=10.3m (T228 & T302) and the 95% confidence interval is 2.1-18.5m.

* MC: Havg=19.3m (T228 & T302) and the 95% confidence interval is 9.0-29.7m.

To analyze the settlement and creep rates in both areas, a set of representative stratigraphies

was defined to address the potential thicknesses of UMC and LMC based on the statistically

defined 95% confidence intervals. Therefore, UMC and LMC thicknesses were varied to account

for the observed changes in the area.

The selected thicknesses for the Fill and F2 were 13.0 and 3.5m, respectively; these values

correspond to the most representative values observed in the thickness histograms (Table 4-3) and

the mean value for T228 & T302 (Table 4-4).

As regards UMC and LMC, the representative ranges considered were very similar to the

calculated 95% confidence intervals: 4.5 to 14.5m for the UMC and 1.5 to 17.5m for the LMC.

For both materials a 2.Om step between cases was considered resulting in 6 cases for UMC (4.5m,

6.5m, 8.5m, 10.5m, 12.5m and 14.5m) and 9 cases for LMC (1.5m, 3.5m, 5.5m, 7.5m, 9.5m,

11.5m, 13.5m, 15.5m and 17.5m). The combination of the thicknesses selected for UMC and LMC

resulted in total marine clay thicknesses varying between 6.0-32.0m, addressing the 95%

confidence interval of MC.

The summary of the thicknesses considered is: i) Fill: 13.0m; ii) UMC: 4.5m, 6.5m, 8.5m,

10.5m, 12.5m and 14.5m; iii) F2: 3.5m and iv) LMC: 1.5m, 3.5m, 5.5m, 7.5m, 9.5m, 11.5m,

13.5m, 15.5m and 17.5m. The combination of the quoted thicknesses resulted in 54 cases of

interest.

4.4.1.3. Preconsolidation profile and stratigraphies for FEM analyses

Following section 4.2.2 and Figure 4-9, a profile was defined in the channel and adopted as the

representative, baseline, pre-reclamation profile for the Bay area. Considering this base case and

the 54 cases already defined by the UMC and LMC thicknesses (Table 4-5), the elevations and

OCR of the units were determined.

Since the objective of these analyses were to determine a robust set of results to predict creep

rates, the definition of the 54 stratigraphies and models was simplified:
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1. Top of the UMC layer was assumed at EL. +93.0mRL, as observed in boreholes executed

in the channel (Figure 4-8). The fill height was 13.Om and represented as a uniform charge.

2. The base of UMC was calculated from the UMC thickness corresponding to each case.

3. The base of F2 was calculated considering a constant 3.5m thickness for all cases.

4. The base of LMC was calculated from the LMC thickness corresponding to each case.

5. Old Alluvium was included in the geometry of the FEM model. The influence of the

thickness of the OA in the numerical simulations was analyzed separately and proved to

have negligible influence in the total settlement and creep rate.

Within the UMC and LMC layers, the individual OCRs were selected considering the original

preconsolidation profile (Figure 4-9) and the baseline profile defined. The detailed stratigraphies

are summarized from Table 4-6 to Table 4-9.

4.4.2. Selection of hydraulic parameters

The hydraulic conductivities for the materials were obtained from Arup (2014), Mott

MacDonald (2015), Amberg & TTI (2004) and Choi (1982). The summary of all the available

information is detailed in Table 4-10. Where possible, values based on field tests were adopted;

all ck values were adopted based on information reported in Choi (1982).

The summary of the selected values is: i) UMC: ky=2.1.10-8m/s and ck=0.8 2 ; ii) F2: ky=1.0.10-

8m/s and Ck=0.82; iii) LMC: ky=6.4.10-9m/s and ck=0.82 and iv) OA: ky=1.0.10-7m/s and ck=0.82.

4.4.3. Finite Element Model stages

Simulated stages of the model are detailed in Table 4-11 and consisted on:

1. Initial phase (pre-reclamation) where model is initialized and initial stresses are generated

(Figure 4-15).

2. Construction phase with a duration of 7 years (2555 days), from Jan/78 to Jan/85 (CD=0

to CD=2555). This stage is a consolidation stage in which the 260kPa distributed load

(equal to 13.Om of fill with a specific weight of 20kN/m3) is activated linearly in time (a

new feature available in PLAXIS v.2017.01).

3. Consolidation stage of 33 years (12050 days), until 31/Dec/17 (CD=2555 to CD=14605).

4. Consolidation stage of 30 years (10950 days), until 31/Dec/47 (CD=14605 to CD=25555).
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Model geometry, boundary conditions, materials and mesh are presented in Figure 4-15; this

figure corresponded to PLX34, a typical case of the 54 stratigraphies analyzed. Considering the

symmetry of the problem studied, 1D simulations were executed. The hydraulic boundary

conditions were open at the top (ymax), closed in both sides (Xmin and xmax) and closed at the bottom

(ymin). OA included in the simulations corresponded to OA(E), the most weathered portion of the

OA (Arup, 2014 and Mott MacDonalds, 2015), and below would be the OA(D) which hydraulic

conductivity was reported to be 10 times lower in comparison to OA(E). Therefore, the bottom of

the OA(E) was considered to be closed.

Old Alluvium (OA) parameters were obtained from Arup (2014) and Mott MacDonald (2015)

and are presented in Table 4-12; selected parameters were average values from these reports.

UMC, F2 and LMC material and state parameters are presented separately in Table 4-13 and Table

4-14. The explanation and calibration procedure for each of the parameters is detailed in a later

section.

4.4.4. MIT-SR calibration for Kallang Formation Units (UMC, F2 & LMC)

MIT-SR contains some parameters that can be calculated with equations and laboratory tests

while other parameters, including all the state parameters, require the numerical simulation of

laboratory tests to later compare the results against real measurements. For this purpose, the point-

level laboratory test simulator "Modlab" (originally developed by Kavvadas, 1982), adapted by

Yuan (2016) to include MIT-SR model, was utilized. In Modlab, all stresses are normalized by the

atmospheric pressure (patm=1= OOkPa) and therefore, are dimensionless.

MIT-SR was calibrated for UMC and LMC, while the F2 material was considered as LMC

with a higher OCR. The calibration procedure for each material was divided in two separate stages:

1. Calibration of material parameters with existing laboratory and field data.

2. Determination of state parameters for each material for the OCR profile selected with the

all the material parameters calibrated.

4.4.4.1. Material parameters

Material parameters were calibrated utilizing laboratory tests from Corral and Whittle (2010),

Kiso-Jiban (1978), Choi (1982) and field shear wave tests. Corral and Whittle (2010) specified

tests executed on UMC and LMC while the rest of the sources did not specify which Marine Clay
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was tested. Therefore, they were supposed to be representative of the behavior of both materials

and used for their calibrations.

The simulation methodology for 1D consolidation, unloading and CKoUC/E triaxial tests

followed the procedure described by Sheahan (1991):

1. A hypothetical sample with initial Ko=1.0, a'p=1O0kPa and OCR=4 is considered; the

isotropic, effective stress state is ', /a'p= G'h /Gp=0. 2 5 (a'p=patm). This initial condition

is assumed to have negligible creep effects.

2. Ko-consolidation at a vertical strain rate of 0.10%/hr from the initial stress state to a vertical

effective stress a'v/patm= 4 .0. At this state, the soil reaches a normally consolidated state.

3. 1 D Creep is allowed during a period of 24 hours at a constant effective stress state.

The next stage depends on the type of test simulated:

* For undrained triaxial compression or extension tests, the shearing is displacement-

controlled type, where vertical displacements are imposed until reaching critical state.

Triaxial tests were simulated at strain rates equal to 0.05%/hr since no information of the

strain rates utilized for these tests.

* For consolidation tests with OCR=1.0 followed by an unloading stage, the 24hr creep stage

is followed by an unloading stage where vertical effective stresses are imposed allowing

the sample to swell and track stresses and strains.

The detailed procedure for the calibration of each of parameter was:

1. The compressibility in the NC regime (pc) was calculated in several IL oedometer tests and

CRS tests from Choi (1982) and Kiso-Jiban (1978). Only samples tested in the NC regime

were considered: SC-1/2/5/6/11/12/13/14/19/20/21/22 (IL tests from Choi, 1982), SC-

15/16/17/18 (CRS tests from Choi, 1982) and BH8-U4/U6 (IL tests from Kiso-Jiban,

1978). Figure 4-16 presents void ratios against vertical effective stress for tests from Choi

(1982), by fitting all values a general value was calculated, pc=0. 2 8 . Kiso-Jiban tests were

executed at lower stresses and could not be included in the same plot; pc values of 0.29 and

0.28 were calculated separately for each of these tests. An average value, pc=0.28 was

selected to be representative of UMC and LMC considering the results from all the

samples.
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2. From Corral & Whittle (2010): KONC=0.52, 2G/K=0.94 and #'cs=32.4 0 (UMC), 27.00

(LMC). As stated previously, proximity of the Nicoll Highway (C824) site (Corral and

Whittle, 2010) enables us to assume similar properties of the marine clays for T228 and

T302.

3. Small strain elastic compressibility (Cb) is obtained from information provided in Tan et

al. (2003). Field measurements of maximum shear stiffness (Gma), moisture content (w.)

and in-situ stress state (a'vo) in depth are available. Assuming a specific gravity (Gs) for

marine clay of 2.75 and a saturated condition, void ratios are calculated for UMC and LMC.

As described above, 2G/K=0.94 and this value is utilized to determine Poisson's ratio.

Small strain elastic compressibility (Cb) is a function of effective stress state (o'), Poisson's

ratio (v'), void ratio (e) and small strain shear stiffness (Gm&). Equations utilized for the

estimation of this parameter are:

e = WnGs (4.1)

2G 3(1 - 2v') (4.2)
K 1+v'

2 e 1+v' Gmax/Patm

3 1 + e 1 - 2v' (a'/patm)1/3

This calculation procedure is analogous to the proposed in Yuan (2016) where the porosity

(n) is calculated from the void ratio and a normalized shear stiffness (G.) is calculation by

equation 7.1 (Yuan, 2016). Then calculate Cb from G. and v' with equation 7.2 (Yuan,

2016):

e

n + e (4.4)

Gn = - Gmax/Patm 4.5)
(c'/Patm)1 / 3

2 1 +v'(46
Cb = 2 G (4.6)

3 1 - 2v'
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Calculated Cb values for UMC and LMC were 486 and 534 respectively (Table 4-15).

Considering the similarity of these, the selected value for this parameter, for both UMC

and LMC, is Cb=510.

4. D and r parameters are calibrated by fitting the unloading stages of several consolidation

tests (Corral & Whittle, 2010). Consolidation and unloading simulations followed Sheahan

(1991) procedure. Unloading stage is presented in a'v/a'vo-Asv space (no void ratio during

unloading were available for this calibration). Stresses are normalized by the last vertical

stress before unloading ('vo) and As is the incremental vertical strain. Considering

samples that were compressed into NC regime, the initial point of the unloading stage is

a'v/a'vo =1 (OCR=1) and AF, and progresses towards lower &'v/a'vo values with positive

Acv due to swelling. The accuracy of the fitting is focused in the range of 'v/'vo 1.0-0.2

(corresponding to OCR between 1 and 5). Although parameters are calibrated

simultaneously, fitting first the r parameter and second the D parameter proved to be

efficient: r parameters governs the general trend of the unloading and while D governs the

swelling at a'v/&'vo<0.5 approximately. The influence of D and r parameters are presented

in Figure 4-17. The selected values for UMC and LMC are D=0.12 and r=3.80.

5. 'm m, ws and y parameters are calibrated by fitting effective stress paths and shear stress

strain curves in CKoUC/E tests (Corral & Whittle, 2010) by simulating the consolidation

procedure used in tests by Sheahan (1991). Parameters were sequentially calibrated: i) 4'm

was calibrated first by fitting the compression curve to the measured shear stress-strain

during undrained shearing; ii) m was calibrated by fitting simultaneously the compression

and extension curves from the measured effective stress paths; iii) ws was calibrated by

fitting the stiffness in the extension curve in the Ea-(a'v-a'v)/ 2 a'vc space and iv) y was

calibrated by refining the fitting of the extension curves in the (7'v+T'v)/2T'vc-(T'v-

&'v)/ 2 y'vc. The simulations corresponding to the selected values are presented in Figure

4-18 and Figure 4-19. The influence of each parameter are presented from Figure 4-20 to

Figure 4-23 (parameters correspond to UMC). The selected values for UMC and LMC are

0'm =22.0', 18.0' (UMC, LMC), m=0.2, ws=60 and y=15.
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6. Dilation behavior assumed to be zero, therefore: DL=0. No CKoUC/E tests with samples

with OCR>2 available to calibrate this parameter. In addition, this parameter was of little

importance for the consolidation and creep cases that were analyzed with FEM models.

7. Compressibility in secondary compression (pa) values were calculated from IL tests from

Kiso-Jiban report (1978); digitized information was included in Appendix B. For each of

the four tests considered, a pa value was calculated considering all the secondary

compression (Table 4-20 and Figure 4-24). Values obtained ranged from 0.0056 to 0.0079

with an average pa value of 0.007. The average value was selected, resulting in a selected

pa/p=0.025. Choi (1982) reported Ca/Cc=0.025-0.040 and therefore, the selected value is

at the lower range.

8. Rate-sensitivity of steady state of Ra (P) was calculated from CRS tests from Choi (1982).

Base information are the CRS tests in the a' - e space (digitized information was included

in Appendix B), each with a different strain rate (t). For different void ratios that

correspond to the NC regime exhibited in the CRS tests, the corresponding o' level for that

strain rate is identified and P values calculated (Table 4-16). This information is replotted

in a t - u, space where it is illustrated the different levels of effective vertical stress for

each void ratio, depending on the strain rate imposed in the test (Figure 4-25); for each

void ratio, the slope of the fitting line is a potential value of P. Considering that MIT-SR

was developed under the assumption that P should generally lie in the range of 0 to pa/pc

(already calibrated and selected pa/pc=0.025), the selected value was p=0.025.

9. Non-linear variation of rate dependency with stress history (p2) was calculated from

consolidation tests from Choi (1982). Tests SC-11, SC-12, SC-13 and SC-14 have each

four creep stages: 1000, 2000, 4000 and 8000psf. Surcharge stages previous to creep stages

generate OCR in the samples: OCR=1.20-1.25 (SC-12), OCR=1.40-1.50 (SC-13) and

OCR=1.60-1.75 (SC-14).

Creep stages, initially informed in t - E space are re-scaled in t - E' space where E' = 0

at the peak of the rebound resulting in E' > 0, always compressive. From t - E' space,

strain rates can be calculated from the incremental strain in time (i') and the same test can

be plotted in a E' - ' space. From the information plotted in this space, two values of

interest for the MIT-SR calibration can be obtained. By fitting a straight line to the test
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points in this space, eaE is the slope of the line and t1 is strain rate at E' = 0; i.e., creep

rate right after the rebound finishes. Ca, is utilized for the calibration of l2 whereas 41 will

be utilized for /3 calibration.

Figure 4-26 presents tests SC-12 to SC-14 in the E' - E' space. From SC-11, the sample

tested without surcharge, Ca is determined for each creep stage and, by dividing Ca by the

1 +eo (initial void ratio at the creep stage), CaE is obtained. The equation utilized for the /#2

parameter calibration is:

_a 2 (4.7)
Ca, OCRfl + 1

Table 4-17, Table 4-18 and Table 4-19 present the calculated values from the line fitting

and /2 calibration values. Figure 4-27 presents the calibration curves utilized for the

selection. The selected value is p2=6.5.

10. Reduction of creep rate during unloading parameter (p3) was obtained from creep tests

from Choi (1982) and consolidation tests from Kiso-Jiban (1978). As detailed in the P2

determination, 4j is obtained from the line fitting in the ' - E' space of the creep tests on

samples SC-12 to SC-14; strain rate at EOP (4100) was not reported by Choi (1982).

Therefore, this parameter was calculated from Kiso-Jiban report (1978) where for each of

the four consolidation tests considered, 4 100 was obtained from the curves informed.

Values obtained ranged from 0.0018 to 0.0054 hr' with an average value of 0.0038 hr-'.

The selected value was the average, resulting in 4t00=0.0038 hr-1. The equation utilized for

the /3 parameter calibration is:

= - OCR -f3 (4.8)
4100

Table 4-17, Table 4-18 and Table 4-19 present the calculations and values considered for

the /3 calibration. Figure 4-27 presents the calibration curves utilized for the selection. The

selected value is P3=9.0.

11. Reference strain rate (tref) was obtained from Kiso-Jiban report (1978), for each of the

four consolidation tests considered (digitized information was included in Appendix B).
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The strain rate at 1 day (tref), from the start of the test, were calculated. Available values

were at 8, 24 and 48hrs from the start of the test. Strain rates were calculated between 8 to

24hr (t8-24), and from 24 to 48hr (t24-48). The average from these two values (V8-24 and

t24-48) was considered as the reference strain rate of the test (tref). Values obtained ranged

from 3.8E-3 to 5.1E-3 day' with an average value of 4.4E-3 day' (Table 4-20). The

selected value was the average, resulting in tref=4.4E-3 day-1 .

4.4.4.2. State parameters

MIT-SR is a rate-dependent model and strain rate effects are defined by state variables which

depend on the stress history of the soil. To accurately describe creep phenomena, it is critical the

methodology utilized to define and specify initial state variables.

The OCRs considered for the UMC were 5.70, 2.40, 1.85 and 1.60 while the OCRs considered

for the LMC were 1.40, 1.35, 1.30 and 1.25; F2 was assumed to have an OCR=7.30.

The simulation methodology followed the procedure described by Sheahan (1991):

1. A hypothetical sample with initial Ko=1.0, a'p=100kPa and OCR=4 is considered; the

isotropic, effective stress state is u'v /O'p- G'h /ap=0. 2 5 (a'ppatm). This initial condition

is assumed to have negligible creep effects.

2. Ko-consolidation at a vertical strain rate of 0. 10%/hr from the initial stress state to a vertical

effective stress &'v/patm=4 .0. At this state, the soil reaches a normally consolidated state.

3. 1 D Creep is allowed during a period of 24 hours at a constant effective stress state.

4. Unloading at a 0.05%/hr rate to a certain vertical effective stress to materialize the target

OCR in the sample; e.g., final G'v/patm= 1.29 for an OCR=3.10.

5. 1 D Creep is allowed during a period of 20 years hours at a constant effective stress state.

State parameters were obtained at the end of this stage. For longer periods of time, there

were no visible differences in the state variables obtained; 20 years was a period long

enough to simulate field conditions of the soil.

Table 4-14 provides detailed information on the state parameters obtained for UMC, F2 and

LMC for each OCR.
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4.5. SIMULATION OF SETTLEMENTS DUE TO LAND RECLAMATION

The results of the simulations modelling the reclamation process in the 54 stratigraphies that

represented underground conditions in T228 and T302 are presented from Table 4-21 to Table

4-26.

The progression of total settlement in time was recorded from the beginning of the reclamation

process (for which a duration of 7 years was assumed) until December/2047. For each of the 54

models, the total settlement and settlement rate were determined at the 31 st of December of 1987

until 2047, at a 5 year step. Additionally, values at the end of 1985 and 2005 are considered.

Table 4-27 and Table 4-28 present minimum, average and maximum results between 2017 and

2047 organized by marine clay thickness. As originally supposed, settlement and creep rates

directly depend on the total thickness of the marine clay: higher thicknesses result in higher

settlements and creep rates. At constant marine clay thicknesses, slight differences were sometimes

encountered between minimum, average and maximum settlement and creep rates calculated for

the cases considered. Considering the robustness of the analyses and the quality of the site

information, each average value was considered as the representative value for later comparisons

against monitoring information.

The calculated average results were condensed in Table 4-29 and Table 4-30 and presented in

Figure 4-28. Calculated values for each stage are presented separately from Figure 4-29 to Figure

4-36. For 9m and 30m of marine clay (values that define the calculated 95% confidence interval),

current settlement and creep rate would be 2.62m and 2mm/yr and 4.23m and 18mm/yr,

respectively. For 19.3m (the mean thickness of marine clay) current settlement and creep rate

would be 3.67m and 10mm/yr. In other words, most of the observed creep rates in free field

conditions in the Bay area are expected to be between 2 and 18mm/yr.

The progression in time of settlement, settlement rate and excess pore pressure for six cases

are presented from Figure 4-37 to Figure 4-48. By the end of the reclamation, maximum excess

pore pressure is approximately 150kPa while in 2017 the excess pore pressure is lower than 20kPa.

Therefore, the settlement rate from 2017 onwards can be attributed principally to creep.

As can be observed in Figure 4-13, settlement rates in T228 are more consistent and data shows

settlement increasing linearly with time. For the majority of points, annual rates of settlement are
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consistent (i.e., show little inter-annual variation) over the 3 year monitoring period 2015-2018.

Their elevations vary between EL. +103.2 and +104.5mRL.

On the other hand, Figure 4-14 shows settlement information from markers in T302 and they

show behaviors that are not directly explained by free field consolidation and creep. Markers

LG290020 and LG290030 (EL. +104.4mRL) correspond to the west side of TE22A while the rest

(LG290065 to LG290085, EL. +105.2 to +106.5mRL) are located to the east and belong to a golf

course which construction was finished by 2006 and included additional fillings. Markers in the

golf course have higher elevations, in average 1.0 to 2.Om higher than elevations of the other

markers. Markers to the west (LG290020 and LG290030) exhibit behaviors similar to T228 while

markers near or in the golf course (LG290065 to LG290085) exhibit a higher settlement rate until

in November 2017. Then, around May 2018, some points show rebound which could be explained

by material removed in the golf course. Therefore, the comparison is focused against T228 markers

while T302 markers are considered to be strongly affected by the golf course and do not represent

free field conditions. It also must be noted that the stratigraphies corresponding to the markers

were not informed and had to be assumed from extrapolations.

When comparing current information provided by site measurements against predictions, the

first comparison is the current ground elevation. The cases analyzed considered an upper UMC

elevation of +93mRL and 13m; initial ground elevation would be +106mRL. If lowering these

values by the settlement predicted by the simulations, current predicted. elevations would be

between +101.7 and +103.9mRL; lower values for cases with larger marine clay and higher values

for cases with lower marine clay thickness. The reference level informed in T228 markers ranged

between +103.2 and +104.5mRL and those for T302 ranged between + 104.4 and +106.5mRL.

The second comparison against current measurements is between settlement rates and also

depends on the total thickness of the marine clay. Markers in T228 have marine clay thicknesses

between 10.1 and 23.1 m and calculated settlement rates were 24-62mm/yr while the markers

considered in T302, LG290020 and LG290030, have 22.5 and 20.1m of marine clay and calculated

settlement rates were 40 and 32mm/yr. For these marine clay values, predictions estimate current

settlement rate between 9 and 15mm/yr. Figure 4-49 presents the predicted current settlement rates

and the calculated values.
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In both comparisons, predictions fall short to accurately describe current ground elevations and

creep rates. There are some factors that could contribute to explain these differences. The main

issue to be addressed is that the 1 D problem modelled is sensitive to the hydraulic conductivities

of UMC, F2 and LMC. The limitation of the information available to select this parameter

conditioned the analysis. If selecting lower values than the considered in these analyses (kv=2. 1 E-

8m/s for UMC and kv=6.4E-9m/s for F2 and LMC), predictions by 2017 would change and lower

settlements and higher rates would be expected. These values would better compare with site

measurements in T228 and markers in T302 not affected by the golf course.

With the hydraulic conductivities appropriately determined, additional factors that could

enhance predictions could be:

1. Consider the correct fill height for each area. The selected height of 13m represented an

average condition.

2. Stratigraphies considered always the top of UMC at EL. +93mRL. Refinements in this

value would directly result in better estimates of current ground elevation.

3. The analyzed stratigraphies represented a simplified soil profile with only 5 geotechnical

units (Fill, UMC, F2, LMC and OA). The presence of other compressible units like fluvial

sands (Fl), fluvial clays (F2) or estuarine clays (E) above UMC or below LMC were not

included in these simulations. These simplifications were not conservative in terms of

settlement rates. Therefore, if pursuing more detailed analyses, these materials should be

included in the simulations.
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Table 4-1: Extrapolated stratigraphies in markers near TS22 (T228) and calculated settlement rates.

Marker Ref. Level H FILL H UMC H F2 H LMC

[-] [ELI Imi Imi Im] Im]
LG28A019 103.7 11.3 9.5 1.2 0.6

LG28A020 104.4 14.6 7.3 4.0 12.5

LG28A055 103.7 11.7 9.2 1.7 3.3

LG28A056 104.0 13.5 6.6 4.3 12.7

LG28B019 104.1 12.2 10.2 2.0 8.7

LG28B020 104.0 13.6 5.9 4.8 11.4

LG28C035 103.3 11.3 10.7 2.8 11.9

LG28C036 104.3 13.2 8.6 4.8 11.2

LG28CO55 104.5 12.5 11.0 2.4 10.8

LG28C056 103.2 12.3 8.2 4.1 14.9

Table 4-2: Extrapolated stratigraphies in markers near TE22A (T302) and calculated settlement rates.

Marker Ref. Level H FILL H UMC H F2 H LMC

[-i [ELI [m1 [M] Im] [mi]

LG290020 104.4 13.2 10.4 3.0 12.1

LG290030 104.4 13.4 9.9 5.8 10.2

LG290065 105.2 12.9 8.9 4.4 12.1

LG290070 106.0 12.9 8.7 5.0 12.1

LG290075 105.8 13.0 8.4 5.2 12.0

LG290080 105.7 13.1 8.2 5.2 11.5

LG290085 106.5 13.1 8.1 4.9 10.5
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Im]
10.1

19.8

12.5

19.3

18.9

17.3

22.6

19.8

21.8

23.1

Au/At ALL

Imm/yr]
25.7

53.7

23.9

38.1

28.9

26.2

29.8

61.8

35.6

30.1

H MC

Im]
22.5

20.1

21.0

20.8

20.4

19.7

18.6

Au/At ALL

[mm/yr]

39.7

31.9

21.0

37.5

55.3

57.8

71.6



Table 4-3: Histogram of layer's thicknesses in T228 and T302.

T228
Havg FILL UMC F2 LMC MC*

[m] -I I-I I-I [- -I 1 l%]
0.5 0 0 0 0 0 0

1.5 0 0 7 0 0 0

2.5 0 1 14 1 0 0

3.5 0 0 29 8 0 0

4.5 0 0 8 2 2 3

5.5 0 0 3 5 0 0

6.5 0 0 3 4 0 0

7.5 0 9 0 7 1 2

8.5 0 22 0 3 0 0

9.5 0 6 0 2 0 0

10.5 2 10 0 6 3 5

11.5 15 3 0 5 5 8

12.5 15 2 0 6 5 8

13.5 19 1 0 3 1 2

14.5 0 1 0 7 5 8

15.5 2 0 0 1 3 5

16.5 0 0 0 2 9 15

17.5 0 0 0 0 3 5

18.5 0 0 0 0 1 2

19.5 1 0 0 0 2 3

20.5 1 0 0 0 2 3

21.5 1 0 0 0 5 8

22.5 1 0 0 0 6 10

23.5 0 0 0 0 5 8

24.5 1 0 0 0 2 3

25.5 0 0 0 0 0 0

26.5 0 0 0 0 0 0

27.5 0 0 0 0 2 3

28.5 0 0 0 0 0 0

29.5 0 0 0 0 0 0

30.5 0 0 0 0 0 0

*: HMC=HUMC+HLMC.

T302

FILL UMC F2 LMC MC*

H- H- H- H- H- [%]
0 0 0 0 0 0

0 0 7 1 0 0

0 1 36 1 0 0

0 0 39 3 0 0

0 2 13 4 0 0

0 1 17 9 1 1

0 5 2 7 0 0

0 7 0 7 0 0

4 19 0 4 0 0

11 28 0 9 0 0

4 21 0 2 1 1

10 12 0 10 1 1

34 11 0 24 2 2

18 3 0 13 5 4

21 3 0 6 4 4

9 1 0 6 6 5

1 0 0 3 4 4

1 0 0 1 6 5

1 0 0 2 7 6

0 0 0 2 7 6

0 0 0 0 7 6

0 0 0 0 13 11

0 0 0 0 9 8

0 0 0 0 14 12

0 0 0 0 12 11

0 0 0 0 8 7

0 0 0 0 2 2

0 0 0 0 2 2

0 0 0 0 2 2

0 0 0 0 1 1

0 0 0 0 0 0
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Both

MC*

H [%l
0 0

0 0

0 0
0 0

2 1
1 1

0 0

1 1

0 0

0 0

4 2

6 3

7 4

6 3

9 5

9 5

13 7

9 5

8 5

9 5

9 5

18 10

15 9

19 11

14 8

8 5

2 1

4 2

2 1

1 1
0 0



Table 4-4: Statistical results from histogram statistical analyses in data sets.

______ T228 &T302 ___

VARIABLE
FILL UMC F2 LMC MC*

[-I [m] [m] [m] [m] [m]
MIN 8.4 2.1 1.2 1.2 0.0

p 12.9 9.6 3.5 10.3 19.3
MAX 24.2 15.0 6.2 20.5 29.4

a 2.4 2.1 1.2 4.1 5.2
S 10.6 7.6 2.4 6.2 14.1

p+L. 15.3 11.7 4.7 14.4 24.5
p-2.u 8.2 5.5 1.2 2.1 9.0
p+2.a 17.6 13.8 5.9 18.5 29.7
p-3.a 5.9 3.5 0.0 -2.0 3.8
p+3.a 20.0 15.8 7.1 22.6 34.8

*: HMc=HUMc+HLMC.

T228

FILL UMC F2 LMC MC*
[m] [m] [m] [m] [m]
11.0 2.1 1.2 2.6 0.0
13.3 9.2 3.4 9.3 16.9
24.2 14.0 6.1 20.5 27.5
2.8 1.8 1.1 4.2 5.7
10.5 7.4 2.3 5.1 11.2

16.1 11.1 4.5 13.5 22.6
7.7 5.5 1.2 1.0 5.6
18.9 12.9 5.6 17.7 28.2
4.9 3.7 0.1 -3.2 -0.1
21.7 14.7 6.7 21.9 33.9]

T302
FILL UMC F2 LMC MC*

[m] [m] [m] [m] [m]
8.4 2.2 1.3 1.2 5.4
12.7 9.9 3.6 10.8 20.6
18.9 15.0 6.2 19.4 29.4
2.1 2.1 1.2 4.0 4.4
10.7 7.7 2.4 6.8 16.3
14.8 12.0 4.8 14.7 25.0
8.6 5.6 1.2 2.8 11.9
16.9 14.1 6.0 18.7 29.4
6.5 3.5 0.0 -1.1 7.5
18.9 16.2 7.2 22.7 33.7
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Table 4-5: Representative thicknesses considered in the PLAXIS analyses.

PLAXIS FILL UMC F2 LMC MC
PmL [m] [m] ImI ImI

PLXO1 13.0 4.5 3.5 1.5 6.0

PLX02 13.0 4.5 3.5 3.5 8.0

PLX03 13.0 4.5 3.5 5.5 10.0

PLX04 13.0 4.5 3.5 7.5 12.0

PLX05 13.0 4.5 3.5 9.5 14.0

PLX06 13.0 4.5 3.5 11.5 16.0

PLX07 13.0 4.5 3.5 13.5 18.0

PLX08 13.0 4.5 3.5 15.5 20.0

PLX09 13.0 4.5 3.5 17.5 22.0

PLX1O 13.0 6.5 3.5 1.5 8.0

PLX11 13.0 6.5 3.5 3.5 10.0

PLX12 13.0 6.5 3.5 5.5 12.0

PLX13 13.0 6.5 3.5 7.5 14.0

PLX14 13.0 6.5 3.5 9.5 16.0

PLX15 13.0 6.5 3.5 11.5 18.0

PLX16 13.0 6.5 3.5 13.5 20.0

PLX17 13.0 6.5 3.5 15.5 22.0

PLX18 13.0 6.5 3.5 17.5 24.0

PLX19 13.0 8.5 3.5 1.5 10.0

PLX20 13.0 8.5 3.5 3.5 12.0

PLX21 13.0 8.5 3.5 5.5 14.0

PLX22 13.0 8.5 3.5 7.5 16.0

PLX23 13.0 8.5 3.5 9.5 18.0

PLX24 13.0 8.5 3.5 11.5 20.0

PLX25 13.0 8.5 3.5 13.5 22.0

PLX26 13.0 8.5 3.5 15.5 24.0

PLX27 13.0 8.5 3.5 17.5 26.0

*: Top EL of UMC=+93.0m.

PLAXIS FILL UMC F2 LMC MC
[m] [m] [m] [m] ImI

PLX28 13.0 10.5 3.5 1.5 12.0

PLX29 13.0 10.5 3.5 3.5 14.0

PLX30 13.0 10.5 3.5 5.5 16.0

PLX31 13.0 10.5 3.5 7.5 18.0

PLX32 13.0 10.5 3.5 9.5 20.0

PLX33 13.0 10.5 3.5 11.5 22.0

PLX34 13.0 10.5 3.5 13.5 24.0

PLX35 13.0 10.5 3.5 15.5 26.0

PLX36 13.0 10.5 3.5 17.5 28.0

PLX37 13.0 12.5 3.5 1.5 14.0

PLX38 13.0 12.5 3.5 3.5 16.0

PLX39 13.0 12.5 3.5 5.5 18.0

PLX40 13.0 12.5 3.5 7.5 20.0

PLX41 13.0 12.5 3.5 9.5 22.0

PLX42 13.0 12.5 3.5 11.5 24.0

PLX43 13.0 12.5 3.5 13.5 26.0

PLX44 13.0 12.5 3.5 15.5 28.0

PLX45 13.0 12.5 3.5 17.5 30.0

PLX46 13.0 14.5 3.5 1.5 16.0

PLX47 13.0 14.5 3.5 3.5 18.0

PLX48 13.0 14.5 3.5 5.5 20.0

PLX49 13.0 14.5 3.5 7.5 22.0

PLX50 13.0 14.5 3.5 9.5 24.0

PLX51 13.0 14.5 3.5 11.5 26.0

PLX52 13.0 14.5 3.5 13.5 28.0

PLX53 13.0 14.5 3.5 15.5 30.0

PLX54 13.0 14.5 3.5 17.5 32.0
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Table 4-6: Stratigraphies considered in PLAXIS analyses PLXO1 to PLX14.

PLAXIS PLX01 PLX02 PLX03 PLX04 PLX05 PLX06 PLX07 PLX08 PLX09 PLX10 PLX11 PLX12 PLX13 PLX14

MC [m] 6 8 10 12 14 16 18 20 22 8 10 12 14 16

Layer Layer thickness m]
FILL [m] 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0

UMC [m] 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 6.5 6.5 6.5 6.5 6.5

F2 [m] 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

LMC [m] 1.5 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5 1.5 3.5 5.5 7.5 9.5

Interface Elevation tmRL

TOP UMC 5.70 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0

UMC 5.70-2.40 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0

UMC 2.40-1.85 88.5 88.5 88.5 88.5 88.5 88.5 88.5 88.5 88.5 86.5 86.5 86.5 86.5 86.5

UMC 1.85-1.60 - - - - - - - - - - - - - -

UMC 1.60-F2 - - - - - - - - - - - - - -

UMC-F2 88.5 88.5 88.5 88.5 88.5 88.5 88.5 88.5 88.5 86.5 86.5 86.5 86.5 86.5

F2-LMC 1.40 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 83.0 83.0 83.0 83.0 83.0

LMC 1.40-1.35 83.5 81.5 79.5 77.5 77.0 77.0 77.0 77.0 77.0 81.5 79.5 77.5 77.0 77.0

LMC 1.35-1.30 - - - - 75.5 74.0 74.0 74.0 74.0 - - - 75.5 73.5

LMC 1.30-1.25 - - - - - 73.5 71.5 69.5 67.5 - - - - -

LMC-OA 83.5 81.5 79.5 77.5 75.5 73.5 71.5 69.5 67.5 81.5 79.5 77.5 75.5 73.5
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Table 4-7: Stratigraphies considered in PLAXIS analyses PLX1 5 to PLX28.

PLAXIS PLX15 PLX16 PLX17 PLX18 PLX19 PLX20 PLX21 PLX22 PLX23 PLX24 PLX25 PLX26 PLX27 PLX28

MC [m] 18 20 22 24 10 12 14 16 18 20 22 24 26 12

Layer Layer thickness [m]

FILL [m] 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0

UMC [m] 6.5 6.5 6.5 6.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 10.5

F2 [m] 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

LMC [m] 11.5 13.5 15.5 17.5 1.5 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5 1.5

Interface Elevation ImRL]
TOP UMC 5.70 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0

UMC 5.70-2.40 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0

UMC 2.40-1.85 86.5 86.5 86.5 86.5 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0

UMC 1.85-1.60 - - - - 84.5 84.5 84.5 84.5 84.5 84.5 84.5 84.5 84.5 84.0

UMC 1.60-F2 - - - - - - - - - - - - - 82.5

UMC-F2 86.5 86.5 86.5 86.5 84.5 84.5 84.5 84.5 84.5 84.5 84.5 84.5 84.5 82.5

F2-LMC 1.40 83.0 83.0 83.0 83.0 81.0 81.0 81.0 81.0 81.0 81.0 81.0 81.0 81.0 79.0

LMC 1.40-1.35 77.0 77.0 77.0 77.0 79.5 77.5 77.0 77.0 77.0 77.0 77.0 77.0 77.0 77.5

LMC 1.35-1.30 74.0 74.0 74.0 74.0 - - 75.5 73.5 74.0 74.0 74.0 74.0 74.0 -

LMC 1.30-1.25 71.5 69.5 67.5 65.5 - - - - 71.5 69.5 70.0 70.0 70.0 -

LMC-OA 71.5 69.5 67.5 65.5 - - - - - - 67.5 65.5 63.5 -
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Table 4-8: Stratigraphies considered in PLAXIS analyses PLX29 to PLX42.

PLAXIS PLX29 PLX30 PLX31 PLX32 PLX33 PLX34 PLX35 PLX36 PLX37 PLX38 PLX39 PLX40 PLX41 PLX42

MC [m] 14 16 18 20 22 24 26 28 14 16 18 20 22 24

Layer Layer thickness [ml

FILL [m] 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0

UMC [m] 10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5 12.5 12.5 12.5 12.5 12.5 12.5

F2 [m] 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

LMC [m] 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5 1.5 3.5 5.5 7.5 9.5 11.5

Interface Elevation [mRLI

TOP UMC 5.70 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0

UMC 5.70-2.40 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0

UMC 2.40-1.85 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0

UMC 1.85-1.60 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0

UMC 1.60-F2 82.5 82.5 82.5 82.5 82.5 82.5 82.5 82.5 80.5 80.5 80.5 80.5 80.5 80.5

UMC-F2 82.5 82.5 82.5 82.5 82.5 82.5 82.5 82.5 80.5 80.5 80.5 80.5 80.5 80.5

F2-LMC 1.40 79.0 79.0 79.0 79.0 79.0 79.0 79.0 79.0 77.0 77.0 77.0 77.0 77.0 77.0

LMC 1.40-1.35 77.0 77.0 77.0 77.0 77.0 77.0 77.0 77.0 77.0 77.0 77.0 77.0 - -

LMC 1.35-1.30 75.5 73.5 74.0 74.0 74.0 74.0 74.0 74.0 75.5 73.5 74.0 74.0 74.0 74.0

LMC 1.30-1.25 - - 71.5 69.5 70.0 70.0 70.0 70.0 - - 71.5 69.5 70.0 70.0

LMC-OA - - - - 67.5 65.5 63.5 61.5 - - - - 67.5 65.5
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Table 4-9: Stratigraphies considered in PLAXIS analyses PLX43 to PLX54.

PLAXIS PLX43 PLX44 PLX45 PLX46 PLX47 PLX48 PLX49 PLX50 PLX51 PLX52 PLX53 PLX54

MC [m] 26 28 30 16 18 20 22 24 26 28 30 32

Layer Layer thickness [m]

FILL [m] 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0

UMC [m] 12.5 12.5 12.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5

F2 [m] 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

LMC [m] 13.5 15.5 17.5 1.5 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5

Interface Elevation [mRL

TOP UMC 5.70 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0

UMC 5.70-2.40 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0

UMC 2.40-1.85 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0 87.0

UMC 1.85-1.60 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0 84.0

UMC 1.60-F2 80.5 80.5 80.5 78.5 78.5 78.5 78.5 78.5 78.5 78.5 78.5 78.5

UMC-F2 80.5 80.5 80.5 78.5 78.5 78.5 78.5 78.5 78.5 78.5 78.5 78.5

F2-LMC 1.40 77.0 77.0 77.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0

LMC 1.40-1.35 - - - - - - - - - - - -

LMC 1.35-1.30 74.0 74.0 74.0 73.5 74.0 74.0 74.0 74.0 74.0 74.0 74.0 74.0

LMC 1.30-1.25 70.0 70.0 70.0 - 71.5 69.5 70.0 70.0 70.0 70.0 70.0 70.0

LMC-OA 63.5 61.5 59.5 - - - 67.5 65.5 63.5 61.5 59.5 57.5
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Table 4-10: Summary of reported hydraulic conductivities and selected values for PLAXIS simulations.

Selected Arup (2014), T228 Mott MacDonald (2015), T302 AMBERG & TTI (2004) Choi (1982)
kavg kdesign kmin kmax kdesign kmin kmax kavg kdesign kmin kmax kdesign kmin kmax

[-i Im/si [m/dayl Im/si Im/si tm/si Im/s] tm/si Im/si tm/si [m/si tm/si tm/si Im/si tm/si

Fill* 4.1E-06 3.5E-01 - - 1.OE-06 3.OE-09 2.OE-05 4.1E-06 1.OE-05 - - L.OE-07 - -

Fl* 5.OE-06 4.3E-01 - - L.OE-06 1.2E-08 2.8E-05 5.OE-06 1.OE-05 - - 1.OE-05 - -

UMC 2.1E-08 1.8E-03 - - 1.OE-08 5.5E-09 6.OE-08 2.1E-08 1.OE-09 - - 5.OE-09 1.OE-10 1.OE-09
F2 6.4E-09 5.5E-04 1.OE-08 2.8E-08 1.OE-08 6.OE-09 2.8E-08 - 1.OE-08 - - 1.OE-09 - -

LMC 6.4E-09 5.5E-04 - - 1.OE-08 I.3E-09 1.4E-08 6.4E-09 1.OE-09 - - 5.OE-09 6.OE-11 3.OE-10

E* 1.OE-08 8.6E-04 - - 1.OE-08 - - - 1.OE-08 - - 1.OE-09 - -

O(E) 1.OE-07 8.6E-03 - - - - - - 1.OE-08 1.OE-07 5.5E-06 - - -

O(D)* Impermeable - - 1.OE-07 - - - 1.OE-08 1.OE-08 1.OE-06 - - -

O(C)* Impermeable - - .OE-07 - - - 1.OE-08 - - -

O(B)* Impermeable - - 1.OE-07 - - - 1.OE-08 - - -

O(A)* Impermeable - - L.OE-08 - - - L.OE-08 - - -

*: Materials not included in the simplified stratigraphies analyzed in PLAXIS simulations.

Table 4-11: Stages considered in the Marina Bay Area PLAXIS simulations.

Stage name Stage type Date, start Date, finish At CDi CDf

[-] [-I 1-I [-I [day] [day] [day]
SO-Initial Phase Consolidation jan-78 jan-78 0 0 0

Si-Fill construction 7yrs Consolidation jan-78 jan-85 2555 0 2555
S2-Creep 33yrs Consolidation jan-85 dec-17 12050 2555 14605

S3-Creep 30yrs Consolidation dec-17 dec-47 10950 14605 25555
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Table 4-12: Material parameters for OA in PLAXIS simulations of Marina bay area.

Material Type Behavior y E' v ' c' k.=ky Ck

[-] [-] [-I [kN/m31 IMPa] [-] [deg] [kPa] Im/dayl 1-1

OA Mohr- Undrained 20 240 0.2 35 10 8.6.10-3 0.82
Coulomb (A)

Table 4-13: MIT-SR material parameters for UMC, F2 & LMC in PLAXIS simulations of Marina bay area.

Symbols UMC F2 & LMC Used Data of SFBM Reference

Pc 0.28 0.28 LCC curves from oedometer and CRS and oedometer tests

KONC 0.52 0.52 Preshear stress states of triaxial tests Kiso-Jiban

Cb 510 510 Field shear wave velocity tests (1978)

2G/K 0.94 0.94 From Corral & Whittle (2010) Choi
D 0.12 0.12 (921D swelling curves from CRS tests (Corral & Whittle, 2010) (1982)
r 3.8 3.8

Corral &
WS 60 60 Degradation of shear stiffness of triaxial tests Whittle

$'es 32.4 27.0 Shear stress at large strain in triaxial compression tests (2010)

0'm 22 18

m 0.2 0.2 Effective stress paths for triaxial compression/extension tests Tan et3

x 15 15

DL 0 0 Assumed zero, little importance in analyses of interest

Pa/Pc 0.025 0.025 Secondary compression of oedometer tests Choi
P 0.025 0.025 CRS tests with different strain rates (1982)

P2 6.5 6.5 Oedometer tests with surcharge, unloading and creep stages

P3 9.0 9.0 Oedometer tests with surcharge, unloading and creep stages Kiso-Jiban

ref [day-'] 4.4E-03 4.4E-03 Strain rate at 24hr of consolidation in oedometer tests
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Table 4-14: MIT-SR state parameters for UMC, F2 & LMC in PLAXIS simulations of Marina bay area.

State UM/NC F2 LMCUnit
Par. OCR=5.70 OCR=2.40 OCR=1.85 OCR=1.60 OCR=7.30 OCR=1.40 OCR=1.35 OCR=1.30 OCR=1.25

Patm [kPa] 101 101 101 101 101 101 101 101 101

a'/ ' [-] 2.58 1.84 1.64 1.52 2.86 1.41 1.37 1.34 1.30
eo [-] 1.33 1.23 1.20 1.19 1.04 0.91 0.91 0.90 0.90
bo [-] 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78
b [-] 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44
b2 [-] 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78
b3 [-] 0 0 0 0 0 0 0 0 0

[-] 0 0 0 0 0 0 0 0 0
b5  [-] 0 0 0 0 0 0 0 0 0

ah / ' [-] 1.20 1.20 1.18 1.16 1.23 1.12 1.11 1.08 1.06

Ti h [ 1.01 0.86 0.83 0.81 1.06 0.79 0.79 0.78 0.78

I [-] 0.98 1.28 1.35 1.38 0.89 1.42 1.42 1.44 1.44

I h2  [-] 1.01 0.86 0.83 0.81 1.06 0.79 0.79 0.78 0.78

)h 3 [] 0 0 0 0 0 0 0 0 0

1h4 0 0 0 0 0 0 0 0 0

TI h [ 0 0 0 0 0 0 0 0 0

Rao [1/day] 3.3E-07 2.8E-07 1.2E-07 8.9E-08 1.7E-07 1.2E-07 1.2E-07 1.3E-07 1.5E-07

Table 4-15: Small strain elastic compressibility (Cb) calibration.
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Soil Depth a'vo Gmax Cn e a' Cb Avg. Cb

[-] [m] [kPa] [kPa] [-] [-] [kPa] [-] [-]
UMC 16 133 36000 0.59 1.61 90 486 510
LMC 28 226 48000 0.56 1.55 154 534 5



Table 4-16: CRS tests, effective vertical stresses for specific void ratios and P values.

Test SC-15 SC-16 SC-17 SC-18

E [%/hrl 0.45% 0.25% 0.18% 0.13% $

e avy G'y G9y aGv

[-1 [psfl [psf] [psfl [psfl H-1
1.70 3391 2921 2791 2786 0.169

1.65 3669 3197 3188 3149 0.126

1.60 3972 3538 3599 3506 0.098

1.55 4485 3938 4013 3963 0.099

1.50 4930 4362 4518 4621 0.054

1.45 5511 5013 5200 5278 0.034

1.40 6286 5779 5755 5936 0.053

1.35 7219 6638 6425 6767 0.066

1.30 8374 7529 7738 7979 0.042

1.25 9656 8792 9771 9502 Neg.

1.20 11067 10055 11804 11065 Neg.

1.15 13149 11803 13837 13188 Neg.

1.10 15619 13975 15870 15311 Neg.

Av.: 0.082

Table 4-17: Series 4 tests, calculated values for Ca, CaE and t1.

Stage Cae 1-1 CaE [-1 tj [1/hrl

[psf] SC-1I SC-12 SC-13 SC-14 SC-12 SC-13 SC-14

1000 0.00094 0.00025 0.00018 0.00022 0.00009 0.00009 0.00005

2000 0.01173 0.00523 0.00264 0.00089 0.00110 0.00027 0.00010

4000 0.01062 0.00500 0.00116 0.00040 0.00075 0.00011 0.00009

8000 0.00915 0.00475 0.00175 0.00042 0.00064 0.00011 0.00010

Table 4-18: Series 4 tests, OCR, CaE/CaE and 100 for P2 calibration.

Test OCR CaE aE t loo

1.25 0.2646 0.0237

1.20 0.4455 0.2884
SC-12

1.20 0.4703 0.1985

1.20 0.5196 0.1689

1.50 0.1963 0.0246

SC-13 1.40 0.2251 0.0722

1.40 0.1094 0.0300
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1.40 0.1916 0.0284

1.75 0.2337 0.0123

1.60 0.0761 0.0252
SC-14

1.60 0.0378 0.0230

1.60 0.0459 0.0257

Table 4-19: Calibration of non-linear variation of rate dependency with stress history (A) and

reduction of creep rate during unloading parameter (#3)-

#2 5 6 7 8
OCR CaE /CE aE/CaE aE /CE CE /CE

1.00 1.000 1.000 1.000 1.000

1.10 0.766 0.722 0.678 0.636
1.20 0.573 0.502 0.436 0.377
1.30 0.424 0.343 0.275 0.218

1.40 0.314 0.234 0.173 0.127

1.50 0.233 0.161 0.111 0.075

1.60 0.174 0.113 0.072 0.046

1.70 0.132 0.080 0.048 0.028
1.80 0.101 0.057 0.032 0.018

1.90 0.078 0.042 0.022 0.012

2.00 0.061 0.031 0.016 0.008

2.10 0.048 0.023 0.011 0.005

3.00 0.008 0.003 0.001 0.000

__3 8 9 10 11
OCR t1/ioo /E1f 0 0 Eiftioo tI/ftio

-I -I -I -I -I
1.00 1.000 1.000 1.000 1.000

1.10 0.467 0.424 0.386 0.350

1.20 0.233 0.194 0.162 0.135

1.30 0.123 0.094 0.073 0.056

1.40 0.068 0.048 0.035 0.025

1.50 0.039 0.026 0.017 0.012

1.60 0.023 0.015 0.009 0.006

1.70 0.014 0.008 0.005 0.003

1.80 0.009 0.005 0.003 0.002

1.90 0.006 0.003 0.002 0.001

2.00 0.004 0.002 0.001 0.000

2.10 0.003 0.001 0.001 0.000

3.00 0.000 0.000 0.000 0.000

Table 4-20: Calculated values of secondary compression (pa) and reference strain rate (tref).

Test BH8-U4-S3 BH8-U4-S4 BH8-U6-S3 BH8-U6-S4 Average

pa 0.0056 0.0075 0.0068 0.0079 0.007

tref [day'] 3.8E-03 5.IE-03 4.OE-03 4.8E-03 4.4E-03
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Table 4-21: PLAXIS predictions of settlements and settlement rates, 1985-2012, PLXO1 to PLX23.

PLAXIS H H H 31-Dec-85 31-Dec-87 31-Dec-92 31-Dec-97 31-Dec-02 31-Dec-05 31-Dec-07 31-Dec-12
N* MC UMC LMC u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At

[- , Imi [m] Imi [m] Imm/yr] Im] Imm/yr] [m] [mm/yr] [m] Imm/yr] [m] Imm/yr] [m] Imm/yr] Imi [mm/yr] [m] [mm/yr]
PLXO1 6.0 4.5 1.5 1.7 180.3 1.9 50.1 2.1 12.1 2.1 4.9 2.1 2.7 2.1 2.4 2.1 1.6 2.1 1.5
PLX02 8.0 4.5 3.5 1.8 207.9 2.1 76.3 2.3 22.8 2.4 9.1 2.4 5.1 2.4 3.4 2.4 3.1 2.5 2.5
PLX03 10.0 4.5 5.5 1.8 221.5 2.2 95.5 2.5 37.0 2.6 16.4 2.7 8.9 2.7 6.5 2.7 5.1 2.7 3.3
PLX04 12.0 4.5 7.5 1.8 227.4 2.2 104.5 2.6 48.6 2.8 25.1 2.9 13.8 2.9 10.3 2.9 8.4 3.0 5.4

PLX05 14.0 4.5 9.5 1.8 229.7 2.3 110.3 2.7 57.6 2.9 32.8 3.0 19.7 3.1 14.9 3.1 12.8 3.1 8.4

PLX06 16.0 4.5 11.5 1.8 233.5 2.3 114.1 2.7 62.1 3.0 38.1 3.1 25.0 3.2 19.6 3.2 16.7 3.3 11.6
PLX07 18.0 4.5 13.5 1.9 235.6 2.3 117.1 2.7 65.9 3.0 42.2 3.2 28.6 3.2 23.6 3.3 20.4 3.4 14.7

PLX08 20.0 4.5 15.5 1.9 235.8 2.3 120.5 2.8 68.2 3.0 45.2 3.2 32.1 3.3 26.5 3.4 23.3 3.5 17.3
PLX09 22.0 4.5 17.5 1.9 237.5 2.3 122.2 2.8 70.3 3.1 47.4 3.3 34.0 3.4 28.4 3.4 25.1 3.5 19.1

PLX1O 8.0 6.5 1.5 1.8 203.6 2.2 69.9 2.3 19.6 2.4 8.3 2.4 4.5 2.4 3.2 2.5 3.1 2.5 2.6

PLX11 10.0 6.5 3.5 1.9 221.3 2.3 90.9 2.5 33.2 2.7 14.4 2.7 7.5 2.7 6.1 2.7 4.6 2.7 3.4

PLX12 12.0 6.5 5.5 1.9 229.8 2.3 102.6 2.7 44.5 2.8 22.0 2.9 12.2 2.9 8.8 3.0 7.2 3.0 4.8

PLX13 14.0 6.5 7.5 1.9 235.6 2.4 109.0 2.7 54.6 3.0 29.9 3.1 17.8 3.1 13.1 3.1 11.0 3.2 7.3

PLX14 16.0 6.5 9.5 1.9 237.0 2.4 113.6 2.8 60.7 3.0 36.2 3.2 22.7 3.2 17.6 3.3 15.1 3.3 10.5

PLX15 18.0 6.5 11.5 2.0 238.6 2.4 116.9 2.8 64.6 3.1 40.9 3.3 27.1 3.3 21.7 3.4 18.6 3.5 13.3

PLX16 20.0 6.5 13.5 2.0 243.5 2.4 119.4 2.9 67.3 3.1 43.9 3.3 30.2 3.4 25.1 3.4 21.9 3.5 16.1

PLX17 22.0 6.5 15.5 2.0 244.1 2.4 121.8 2.9 70.1 3.2 46.2 3.4 32.6 3.5 27.1 3.5 23.9 3.6 18.4

PLX18 24.0 6.5 17.5 2.0 244.1 2.4 123.4 2.9 72.0 3.2 48.2 3.4 34.7 3.5 29.3 3.5 26.0 3.7 19.9

PLX19 10.0 8.5 1.5 2.0 225.1 2.3 86.8 2.6 30.6 2.7 12.9 2.8 6.9 2.8 5.3 2.8 4.5 2.8 3.3

PLX20 12.0 8.5 3.5 2.0 239.0 2.4 102.0 2.7 42.6 2.9 20.2 3.0 11.0 3.0 8.4 3.0 6.5 3.0 4.6

PLX21 14.0 8.5 5.5 2.0 245.2 2.5 111.0 2.8 52.7 3.0 28.3 3.1 16.1 3.2 12.0 3.2 10.0 3.2 6.7

PLX22 16.0 8.5 7.5 2.0 249.7 2.5 115.6 2.9 59.5 3.1 34.5 3.3 21.6 3.3 16.3 3.3 14.1 3.4 9.6

PLX23 18.0 8.5 9.5 2.0 254.1 2.5 119.5 2.9 63.7 3.2 39.6 3.4 25.8 3.4 20.4 3.5 17.7 3.5 12.4
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Table 4-22: PLAXIS predictions of settlements and settlement rates, 2017-2047, PLXO 1 to PLX23.

PLAXIS H H H 31-Dec-17 31-Dec-22 31-Dec-27 31-Dec-32 31-Dec-37 31-Dec-42 31-Dec-47
N* MC UMC LMC u Au/At u Au/At u Au/At U Au/At u Au/At u Au/At u Au/At

[-1 [m] [m] [ml [ml [mm/yr] [m] [mm/yr] Imi Imm/yr] Imi Imm/yr] [mj [mm/yr] [m] [mm/yr] [mj [mm/yr]

PLXO1 6.0 4.5 1.5 2.1 1.4 2.1 1.2 2.1 0.6 2.2 0.6 2.2 0.6 2.2 0.6 2.2 0.5
PLX02 8.0 4.5 3.5 2.5 1.5 2.5 1.5 2.5 1.3 2.5 1.1 2.5 1.1 2.5 0.8 2.5 0.7
PLX03 10.0 4.5 5.5 2.7 2.8 2.8 2.1 2.8 1.6 2.8 1.6 2.8 0.9 2.8 0.9 2.8 0.9

PLX04 12.0 4.5 7.5 3.0 4.0 3.0 3.0 3.0 2.2 3.0 2.1 3.0 1.8 3.0 1.6 3.0 1.2

PLX05 14.0 4.5 9.5 3.2 5.9 3.2 4.6 3.2 3.3 3.2 3.1 3.2 2.3 3.3 2.0 3.3 1.9

PLX06 16.0 4.5 11.5 3.3 8.3 3.4 6.2 3.4 4.9 3.4 3.8 3.4 3.2 3.4 2.7 3.4 2.2

PLX07 18.0 4.5 13.5 3.4 10.9 3.5 8.3 3.5 6.5 3.6 5.1 3.6 4.2 3.6 3.5 3.6 3.0

PLX08 20.0 4.5 15.5 3.5 13.1 3.6 10.1 3.6 8.0 3.7 6.4 3.7 5.4 3.7 4.5 3.7 3.8

PLX09 22.0 4.5 17.5 3.6 15.0 3.7 11.9 3.7 9.6 3.8 7.8 3.8 6.4 3.8 5.4 3.9 4.6

PLX1O 8.0 6.5 1.5 2.5 1.6 2.5 1.4 2.5 1.3 2.5 1.1 2.5 0.8 2.5 0.7 2.5 0.7

PLX1I1 10.0 6.5 3.5 2.8 2.7 2.8 2.0 2.8 1.5 2.8 1.5 2.8 1.0 2.8 1.0 2.8 0.9

PLX12 12.0 6.5 5.5 3.0 3.9 3.0 2.7 3.0 2.1 3.0 1.8 3.1 1.7 3.1 1.0 3.1 1.0

PLX13 14.0 6.5 7.5 3.2 5.2 3.2 3.9 3.3 3.2 3.3 2.6 3.3 2.2 3.3 2.0 3.3 1.8

PLX14 16.0 6.5 9.5 3.4 7.4 3.4 5.4 3.4 4.2 3.4 3.4 3.5 2.9 3.5 2.4 3.5 2.3

PLX15 18.0 6.5 11.5 3.5 9.8 3.6 7.4 3.6 5.7 3.6 4.7 3.6 3.9 3.6 3.3 3.7 2.7

PLX16 20.0 6.5 13.5 3.6 12.0 3.7 9.2 3.7 7.2 3.7 5.9 3.8 4.9 3.8 4.1 3.8 3.8

PLX17 22.0 6.5 15.5 3.7 14.0 3.7 11.0 3.8 8.8 3.8 7.2 3.9 5.9 3.9 5.0 3.9 4.4

PLX18 24.0 6.5 17.5 3.7 15.5 3.8 12.4 3.9 10.0 3.9 8.2 4.0 6.9 4.0 5.8 4.0 5.1

PLX19 10.0 8.5 1.5 2.8 2.5 2.8 1.9 2.8 1.5 2.8 1.4 2.8 1.0 2.8 1.0 2.8 0.9

PLX20 12.0 8.5 3.5 3.1 3.7 3.1 2.5 3.1 2.0 3.1 1.9 3.1 1.7 3.1 1.3 3.1 1.2

PLX21 14.0 8.5 5.5 3.3 4.8 3.3 3.6 3.3 2.6 3.3 2.4 3.3 2.0 3.3 1.8 3.3 1.7

PLX22 16.0 8.5 7.5 3.4 6.7 3.5 5.1 3.5 4.0 3.5 3.2 3.5 2.8 3.5 2.2 3.5 2.1

PLX23 18.0 8.5 9.5 3.6 9.0 3.6 6.8 3.6 5.5 3.7 4.2 3.7 3.5 3.7 2.9 3.7 2.8
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Table 4-23: PLAXIS predictions of settlements and settlement rates, 1985-2012, PLX24 to PLX46.

PLAXIS H H H 31-Dec-85 31-Dec-87 31-Dec-92 31-Dec-97 31-Dec-02 31-Dec-05 31-Dec-07 31-Dec-12
N* MC UMC LMC u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At

[-] [m] [m] Im] [m] Imm/yr] [m] Imm/yr] [m] [mm/yr] [ml Imm/yr] [m] [mm/yr] [ml [mm/yr] [ml Imm/yr] [m] [mm/yr]

PLX24 20.0 8.5 11.5 2.0 254.7 2.5 122.5 3.0 67.5 3.2 43.3 3.4 29.3 3.5 23.8 3.5 20.7 3.6 15.0

PLX25 22.0 8.5 13.5 2.0 251.4 2.5 125.2 3.0 70.2 3.3 45.7 3.5 32.4 3.6 26.7 3.6 23.5 3.7 17.5

PLX26 24.0 8.5 15.5 2.1 261.7 2.5 127.3 3.0 72.4 3.3 47.9 3.5 34.1 3.6 28.8 3.7 25.4 3.8 19.3

PLX27 26.0 8.5 17.5 2.1 261.8 2.5 129.0 3.0 74.3 3.3 49.8 3.5 36.0 3.6 30.1 3.7 26.8 3.8 20.7

PLX28 12.0 10.5 1.5 2.0 251.2 2.5 106.5 2.8 41.0 2.9 19.2 3.0 10.4 3.0 7.5 3.1 6.3 3.1 4.2

PLX29 14.0 10.5 3.5 2.0 255.4 2.5 116.3 2.9 51.6 3.1 27.1 3.2 15.1 3.2 11.1 3.3 9.2 3.3 6.3

PLX30 16.0 10.5 5.5 2.1 261.8 2.6 122.3 3.0 60.4 3.2 33.8 3.3 20.2 3.4 15.3 3.4 12.9 3.5 8.6

PLX31 18.0 10.5 7.5 2.1 262.7 2.6 125.8 3.0 64.8 3.3 38.8 3.4 25.2 3.5 19.7 3.5 16.7 3.6 11.8

PLX32 20.0 10.5 9.5 2.1 266.3 2.6 129.7 3.1 68.5 3.3 43.0 3.5 28.6 3.6 23.0 3.6 19.9 3.7 14.3

PLX33 22.0 10.5 11.5 2.1 266.9 2.6 132.1 3.1 71.4 3.4 46.0 3.6 31.6 3.7 25.6 3.7 23.0 3.8 16.9

PLX34 24.0 10.5 13.5 2.1 269.6 2.6 134.0 3.1 74.0 3.4 48.5 3.6 34.1 3.7 28.0 3.8 24.7 3.9 19.0

PLX35 26.0 10.5 15.5 2.1 270.5 2.6 135.6 3.1 75.9 3.4 50.4 3.6 35.7 3.7 30.1 3.8 26.7 3.9 20.4

PLX36 28.0 10.5 17.5 2.1 269.2 2.6 137.3 3.1 78.5 3.5 52.4 3.7 37.6 3.8 31.7 3.8 28.9 4.0 22.4

PLX37 14.0 12.5 1.5 2.1 263.3 2.6 122.6 3.0 53.5 3.2 26.3 3.3 14.4 3.3 10.7 3.3 9.3 3.3 6.0

PLX38 16.0 12.5 3.5 2.1 266.4 2.6 129.0 3.0 61.3 3.3 33.3 3.4 19.9 3.4 14.7 3.5 12.5 3.5 8.3

PLX39 18.0 12.5 5.5 2.1 268.2 2.6 133.3 3.1 67.7 3.3 39.3 3.5 24.5 3.6 19.0 3.6 16.3 3.7 11.1

PLX40 20.0 12.5 7.5 2.1 272.2 2.6 136.6 3.1 71.1 3.4 43.2 3.6 28.7 3.7 22.5 3.7 19.8 3.8 14.1

PLX41 22.0 12.5 9.5 2.1 274.0 2.7 139.5 3.2 74.8 3.5 46.6 3.6 31.5 3.7 25.7 3.8 22.3 3.9 16.3

PLX42 24.0 12.5 11.5 2.1 275.5 2.7 141.2 3.2 77.0 3.5 49.5 3.7 34.3 3.8 28.4 3.8 24.9 3.9 18.5

PLX43 26.0 12.5 13.5 2.1 275.7 2.7 143.8 3.2 79.4 3.5 51.3 3.7 36.1 3.8 30.1 3.9 26.6 4.0 20.1

PLX44 28.0 12.5 15.5 2.1 277.7 2.7 145.4 3.2 80.3 3.5 52.9 3.8 38.5 3.9 32.4 3.9 28.0 4.1 21.5

PLX45 30.0 12.5 17.5 2.1 278.6 2.7 146.1 3.2 82.8 3.6 54.7 3.8 39.4 3.9 33.2 4.0 29.6 4.1 23.4

PLX46 1 16.01 14.5 1.5 2.1 269.3 2.6 133.5 3.1 63.5 3.3 34.6 3.5 20.2 3.5 14.9 3.5 12.3 3.6 8.1
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Table 4-24: PLAXIS predictions of settlements and settlement rates, 2017-2047, PLX24 to PLX46.

PLAXIS H H H 31-Dec-17 31-Dec-22 31-Dec-27 31-Dec-32 31-Dec-37 31-Dec-42 31-Dec-47
NO MC UMC LMC u Au/At u Au/At u Au/At U Au/At u Au/At u Au/At u Au/At
[-I [mi m [m [ml [mm/yr] Imi [mm/yr] Imi Imm/yr] Imi [mm/yr] [m Imm/yr] Imi [mm/yr] Imi Imm/yr

PLX24 20.0 8.5 11.5 3.7 11.2 3.7 8.6 3.8 6.9 3.8 5.6 3.8 4.8 3.9 3.7 3.9 3.2
PLX25 22.0 8.5 13.5 3.8 13.3 3.8 10.4 3.9 8.3 3.9 6.7 4.0 5.7 4.0 4.6 4.0 4.0
PLX26 24.0 8.5 15.5 3.9 15.0 3.9 11.9 4.0 9.6 4.0 7.9 4.0 6.6 4.1 5.7 4.1 4.8
PLX27 26.0 8.5 17.5 3.9 16.4 4.0 13.2 4.0 10.8 4.1 8.9 4.1 7.4 4.2 6.3 4.2 5.5
PLX28 12.0 10.5 1.5 3.1 3.2 3.1 2.5 3.1 2.0 3.1 1.9 3.1 1.3 3.1 1.3 3.2 1.2

PLX29 14.0 10.5 3.5 3.3 4.4 3.3 3.4 3.4 2.9 3.4 2.3 3.4 2.0 3.4 1.8 3.4 1.4
PLX30 16.0 10.5 5.5 3.5 6.2 3.5 4.7 3.6 3.7 3.6 3.0 3.6 2.4 3.6 2.1 3.6 2.0
PLX31 18.0 10.5 7.5 3.7 8.4 3.7 6.4 3.7 5.0 3.7 4.0 3.8 3.3 3.8 3.0 3.8 2.5
PLX32 20.0 10.5 9.5 3.8 10.7 3.8 8.1 3.8 6.4 3.9 5.2 3.9 4.2 3.9 3.6 3.9 3.1
PLX33 22.0 10.5 11.5 3.9 12.8 3.9 9.8 4.0 7.8 4.0 6.5 4.0 5.4 4.1 4.4 4.1 3.7
PLX34 24.0 10.5 13.5 3.9 14.5 4.0 11.5 4.1 9.2 4.1 7.5 4.1 6.1 4.2 5.2 4.2 4.8

PLX35 26.0 10.5 15.5 4.0 16.0 4.1 12.8 4.1 10.4 4.2 8.6 4.2 7.1 4.2 6.1 4.3 5.2

PLX36 28.0 10.5 17.5 4.1 17.5 4.1 14.4 4.2 11.7 4.2 9.8 4.3 8.4 4.3 6.9 4.4 6.1

PLX37 14.0 12.5 1.5 3.4 4.3 3.4 3.3 3.4 2.7 3.4 2.2 3.4 1.9 3.4 1.8 3.4 1.4

PLX38 16.0 12.5 3.5 3.6 5.9 3.6 4.5 3.6 3.5 3.6 3.1 3.6 2.4 3.6 2.0 3.7 1.9

PLX39 18.0 12.5 5.5 3.7 8.1 3.7 6.1 3.8 4.8 3.8 3.8 3.8 3.1 3.8 2.9 3.8 2.4

PLX40 20.0 12.5 7.5 3.8 10.2 3.9 8.2 3.9 6.0 3.9 4.9 4.0 4.0 4.0 3.3 4.0 3.1

PLX41 22.0 12.5 9.5 3.9 12.4 4.0 9.6 4.0 7.6 4.1 6.1 4.1 5.2 4.1 4.3 4.1 3.7

PLX42 24.0 12.5 11.5 4.0 14.2 4.1 11.1 4.1 8.9 4.2 7.4 4.2 6.0 4.2 5.2 4.3 4.5

PLX43 26.0 12.5 13.5 4.1 15.7 4.2 12.5 4.2 10.1 4.3 8.3 4.3 6.9 4.3 5.9 4.4 5.1

PLX44 28.0 12.5 15.5 4.1 17.2 4.2 14.1 4.3 11.4 4.3 9.6 4.4 8.1 4.4 6.7 4.4 5.9

PLX45 30.0 12.5 17.5 4.2 18.3 4.3 14.8 4.3 12.1 4.4 10.2 4.4 8.5 4.5 7.4 4.5 6.4

PLX46 16.0 14.5 1.5 3.6 5.8 3.6 4.4 3.7 3.4 3.7 2.7 3.7 2.2 3.7 2.0 3.7 1.9
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Table 4-25: PLAXIS predictions of settlements and settlement rates, 1985-2012, PLX47 to PLX54.

PLAXIS H H H 31-Dec-85 31-Dec-87 31-Dec-92 31-Dec-97 31-Dec-02 31-Dec-05 31-Dec-07 31-Dec-12
NO MC UMC LMC u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At

[-] Imi Imi [m] Imi [mm/yr] Imi [mm/yr] [m] Imm/yr] [m] Imm/yr] Im] Imm/yr] [m] Imm/yr] [m] Imm/yr] [mJ [mm/yr]
PLX47 18.0 14.5 3.5 2.1 271.7 2.6 138.3 3.1 70.5 3.4 40.9 3.6 25.0 3.6 19.3 3.7 16.2 3.7 11.0
PLX48 20.0 14.5 5.5 2.1 275.7 2.7 141.7 3.2 74.4 3.5 44.6 3.7 28.8 3.7 22.8 3.8 20.1 3.8 14.1
PLX49 22.0 14.5 7.5 2.1 278.0 2.7 145.1 3.2 78.3 3.5 48.3 3.7 32.1 3.8 25.9 3.8 23.1 3.9 16.7
PLX50 24.0 14.5 9.5 2.1 278.6 2.7 147.6 3.2 80.2 3.6 51.0 3.8 34.7 3.9 28.4 3.9 25.5 4.0 18.8
PLX51 26.0 14.5 11.5 2.1 279.1 2.7 148.7 3.2 83.0 3.6 53.1 3.8 36.7 3.9 30.3 4.0 27.4 4.1 20.5
PLX52 28.0 14.5 13.5 2.1 281.8 2.7 149.8 3.3 84.6 3.6 55.3 3.8 38.9 3.9 32.4 4.0 28.6 4.1 21.8
PLX53 30.0 14.5 15.5 2.1 281.7 2.7 151.3 3.3 86.2 3.6 56.4 3.9 41.0 4.0 33.4 4.0 30.4 4.2 23.3
PLX54 32.0 14.5 17.5 2.1 280.0 2.7 152.1 3.3 87.4 3.6 57.7 3.9 41.7 4.0 35.0 4.1 31.2 4.2 24.1

Table 4-26: PLAXIS predictions of settlements and settlement rates, 2017-2047, PLX47 to PLX54.

PLAXIS H H H 31-Dec-17 31-Dec-22 31-Dec-27 31-Dec-32 31-Dec-37 31-Dec-42 31-Dec-47
N* MC UMC LMC u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At

[-] [ml Imi [m] [m] [mm/yr] [ml Imm/yr] [ml [mm/yr] Imi Imm/yr] [ml Imm/yr] [ml Imm/yr] [ml Imm/yr]

PLX47 18.0 14.5 3.5 3.8 7.9 3.8 5.9 3.8 4.6 3.9 3.8 3.9 3.2 3.9 2.5 3.9 2.4

PLX48 20.0 14.5 5.5 3.9 10.1 4.0 7.6 4.0 6.0 4.0 4.9 4.0 3.8 4.1 3.3 4.1 2.8

PLX49 22.0 14.5 7.5 4.0 12.3 4.1 9.6 4.1 7.4 4.1 6.1 4.2 4.9 4.2 4.2 4.2 3.6

PLX50 24.0 14.5 9.5 4.1 14.2 4.2 11.0 4.2 8.8 4.2 7.2 4.3 5.9 4.3 5.0 4.3 4.4

PLX51 26.0 14.5 11.5 4.2 15.8 4.2 12.5 4.3 9.9 4.3 8.2 4.4 6.8 4.4 5.8 4.4 5.0

PLX52 28.0 14.5 13.5 4.2 17.1 4.3 13.7 4.4 11.0 4.4 9.3 4.5 7.6 4.5 6.5 4.5 5.6

PLX53 30.0 14.5 15.5 4.3 18.2 4.3 14.7 4.4 11.9 4.5 10.0 4.5 8.3 4.5 7.2 4.6 6.2

PLX54 32.0 14.5 17.5 4.3 19.3 4.4 15.4 4.5 12.9 4.5 10.6 4.6 9.1 4.6 7.7 4.6 6.7
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Table 4-27: PLAXIS predictions of settlement rates [mm/yr], 2017-2047.

H MC 31-Dec-17 31-Dec-22 31-Dec-27 31-Dec-32 31-Dec-37 31-Dec-42 31-Dec-47

[mi Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max
6 1.4 1.4 1.4 1.2 1.2 1.2 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.5 0.5 0.5

8 1.5 1.5 1.6 1.4 1.4 1.5 1.3 1.3 1.3 1.1 1.1 1.1 0.8 0.9 1.1 0.7 0.8 0.8 0.7 0.7 0.7

10 2.5 2.7 2.8 1.9 2.0 2.1 1.5 1.6 1.6 1.4 1.5 1.6 0.9 1.0 1.0 0.9 0.9 1.0 0.9 0.9 0.9

12 3.2 3.7 4.0 2.5 2.7 3.0 2.0 2.1 2.2 1.8 1.9 2.1 1.3 1.6 1.8 1.0 1.3 1.6 1.0 1.2 1.2

14 4.3 4.9 5.9 3.3 3.7 4.6 2.6 2.9 3.3 2.2 2.5 3.1 1.9 2.1 2.3 1.8 1.9 2.0 1.4 1.6 1.9

16 5.8 6.7 8.3 4.4 5.0 6.2 3.4 4.0 4.9 2.7 3.2 3.8 2.2 2.7 3.2 2.0 2.2 2.7 1.9 2.1 2.3

18 7.9 9.0 10.9 5.9 6.8 8.3 4.6 5.4 6.5 3.8 4.2 5.1 3.1 3.5 4.2 2.5 3.0 3.5 2.4 2.6 3.0

20 10.1 11.2 13.1 7.6 8.6 10.1 6.0 6.8 8.0 4.9 5.5 6.4 3.8 4.5 5.4 3.3 3.8 4.5 2.8 3.3 3.8

22 12.3 13.3 15.0 9.6 10.4 11.9 7.4 8.2 9.6 6.1 6.7 7.8 4.9 5.6 6.4 4.2 4.7 5.4 3.6 4.0 4.6

24 14.2 14.7 15.5 11.0 11.6 12.4 8.8 9.3 10.0 7.2 7.6 8.2 5.9 6.3 6.9 5.0 5.4 5.8 4.4 4.7 5.1

26 15.7 16.0 16.4 12.5 12.7 13.2 9.9 10.3 10.8 8.2 8.5 8.9 6.8 7.0 7.4 5.8 6.0 6.3 5.0 5.2 5.5

28 17.1 17.3 17.5 13.7 14.1 14.4 11.0 11.4 11.7 9.3 9.5 9.8 7.6 8.0 8.4 6.5 6.7 6.9 5.6 5.9 6.1

30 18.2 18.3 18.3 14.7 14.8 14.8 11.9 12.0 12.1 10.0 10.1 10.2 8.3 8.4 8.5 7.2 7.3 7.4 6.2 6.3 6.4

32 19.3 19.3 19.3 15.4 15.4 15.4 12.9 12.9 12.9 10.6 10.6 10.6 9.1 9.1 9.1 7.7 7.7 7.7 6.7 6.7 6.7
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Table 4-28: PLAXIS predictions of settlements [m], 2017-2047.

H MC 31-Dec-17 31-Dec-22 31-Dec-27 31-Dec-32 31-Dec-37 31-Dec-42 31-Dec-47

[m] Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max
6 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
8 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
10 2.7 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
12 3.0 3.0 3.1 3.0 3.1 3.1 3.0 3.1 3.1 3.0 3.1 3.1 3.0 3.1 3.1 3.0 3.1 3.1 3.0 3.1 3.2
14 3.2 3.3 3.4 3.2 3.3 3.4 3.2 3.3 3.4 3.2 3.3 3.4 3.2 3.3 3.4 3.3 3.3 3.4 3.3 3.3 3.4
16 3.3 3.5 3.6 3.4 3.5 3.6 3.4 3.5 3.7 3.4 3.5 3.7 3.4 3.6 3.7 3.4 3.6 3.7 3.4 3.6 3.7
18 3.4 3.6 3.8 3.5 3.7 3.8 3.5 3.7 3.8 3.6 3.7 3.9 3.6 3.7 3.9 3.6 3.7 3.9 3.6 3.8 3.9
20 3.5 3.7 3.9 3.6 3.8 4.0 3.6 3.8 4.0 3.7 3.8 4.0 3.7 3.9 4.0 3.7 3.9 4.1 3.7 3.9 4.1
22 3.6 3.8 4.0 3.7 3.9 4.1 3.7 3.9 4.1 3.8 4.0 4.1 3.8 4.0 4.2 3.8 4.0 4.2 3.9 4.0 4.2
24 3.7 3.9 4.1 3.8 4.0 4.2 3.9 4.0 4.2 3.9 4.1 4.2 4.0 4.1 4.3 4.0 4.2 4.3 4.0 4.2 4.3

26 3.9 4.0 4.2 4.0 4.1 4.2 4.0 4.2 4.3 4.1 4.2 4.3 4.1 4.3 4.4 4.2 4.3 4.4 4.2 4.3 4.4

28 4.1 4.1 4.2 4.1 4.2 4.3 4.2 4.3 4.4 4.2 4.3 4.4 4.3 4.4 4.5 4.3 4.4 4.5 4.4 4.4 4.5

30 4.2 4.2 4.3 4.3 4.3 4.3 4.3 4.4 4.4 4.4 4.4 4.5 4.4 4.5 4.5 4.5 4.5 4.5 4.5 4.6 4.6

32 4.3 4.3 4.3 4.4 4.4 4.4 4.5 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6
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Table 4-29: PLAXIS average predictions of settlements [m] and of settlement rates [mm/yr], 1985-2012.

31-Dec-85 31-Dec-87 31-Dec-92 31-Dec-97 31-Dec-02 31-Dec-05 31-Dec-07 31-Dec-12
u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At

Imi [ml Imm/yr] [m] [mm/yr] Im] Imm/yr] [ml Imm/yr] [m] Imm/yrl Imi [mm/yr] [m] [mm/yr] Im] [mm/yr
6 1.7 180.3 1.9 50.1 2.1 12.1 2.1 4.9 2.1 2.7 2.1 2.4 2.1 1.6 2.1 1.5
8 1.8 205.8 2.1 73.1 2.3 21.2 2.4 8.7 2.4 4.8 2.4 3.3 2.4 3.1 2.5 2.5
10 1.9 222.6 2.3 91.0 2.5 33.6 2.7 14.6 2.7 7.7 2.7 6.0 2.7 4.7 2.8 3.4
12 1.9 236.9 2.4 103.9 2.7 44.2 2.9 21.6 2.9 11.8 3.0 8.7 3.0 7.1 3.0 4.8
14 2.0 245.9 2.4 113.8 2.8 54.0 3.0 28.9 3.1 16.6 3.2 12.4 3.2 10.5 3.2 7.0
16 2.0 253.0 2.5 121.4 2.9 61.3 3.1 35.1 3.3 21.6 3.3 16.4 3.4 13.9 3.4 9.5
18 2.0 255.1 2.5 125.1 3.0 66.2 3.2 40.3 3.4 26.0 3.4 20.6 3.5 17.6 3.6 12.4
20 2.0 258.0 2.5 128.4 3.0 69.5 3.3 43.9 3.4 29.6 3.5 24.0 3.6 21.0 3.7 15.1
22 2.0 258.7 2.5 131.0 3.0 72.5 3.3 46.7 3.5 32.4 3.6 26.6 3.6 23.5 3.7 17.5
24 2.1 265.9 2.6 134.7 3.1 75.1 3.4 49.0 3.6 34.4 3.7 28.6 3.7 25.3 3.8 19.1
26 2.1 271.8 2.6 139.3 3.1 78.1 3.5 51.1 3.7 36.1 3.8 30.2 3.8 26.9 4.0 20.4

28 2.1 276.2 2.7 144.2 3.2 81.1 3.5 53.5 3.8 38.3 3.9 32.2 3.9 28.5 4.0 21.9

30 2.1 280.2 2.7 148.7 3.2 84.5 3.6 55.6 3.8 40.2 3.9 33.3 4.0 30.0 4.1 23.3

32 2.1 280.0 2.7 152.1 3.3 87.4 3.6 57.7 3.9 41.7 4.0 35.0 4.1 31.2 4.2 24.1
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Table 4-30: PLAXIS average predictions of settlements [m] and of settlement rates [mm/yr], 2017-2047.

31-Dec-17 31-Dec-22 31-Dec-27 31-Dec-32 31-Dec-37 31-Dec-42 31-Dec-47
HMC

u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At u Au/At

[m] [ml [mm/yr] [ml Imm/yr] tml Imm/yr] [ml Imm/yr] [ml [mm/yr] Imi [mm/yr] [m] [mm/yr]

6 2.1 1.4 2.1 1.2 2.1 0.6 2.2 0.6 2.2 0.6 2.2 0.6 2.2 0.5

8 2.5 1.5 2.5 1.4 2.5 1.3 2.5 1.1 2.5 0.9 2.5 0.8 2.5 0.7

10 2.8 2.7 2.8 2.0 2.8 1.6 2.8 1.5 2.8 1.0 2.8 0.9 2.8 0.9

12 3.0 3.7 3.1 2.7 3.1 2.1 3.1 1.9 3.1 1.6 3.1 1.3 3.1 1.2

14 3.3 4.9 3.3 3.7 3.3 2.9 3.3 2.5 3.3 2.1 3.3 1.9 3.3 1.6

16 3.5 6.7 3.5 5.0 3.5 4.0 3.5 3.2 3.6 2.7 3.6 2.2 3.6 2.1

18 3.6 9.0 3.7 6.8 3.7 5.4 3.7 4.2 3.7 3.5 3.7 3.0 3.8 2.6

20 3.7 11.2 3.8 8.6 3.8 6.8 3.8 5.5 3.9 4.5 3.9 3.8 3.9 3.3

22 3.8 13.3 3.9 10.4 3.9 8.2 4.0 6.7 4.0 5.6 4.0 4.7 4.0 4.0

24 3.9 14.7 4.0 11.6 4.0 9.3 4.1 7.6 4.1 6.3 4.2 5.4 4.2 4.7

26 4.0 16.0 4.1 12.7 4.2 10.3 4.2 8.5 4.3 7.0 4.3 6.0 4.3 5.2

28 4.1 17.3 4.2 14.1 4.3 11.4 4.3 9.5 4.4 8.0 4.4 6.7 4.4 5.9

30 4.2 18.3 4.3 14.8 4.4 12.0 4.4 10.1 4.5 8.4 4.5 7.3 4.6 6.3

32 4.3 19.3 4.4 15.4 4.5 12.9 4.5 10.6 4.6 9.1 4.6 7.7 4.6 6.7
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Figure 4-9: Undrained shear strength and OCR profile for UMC and LMC in the canal in T228 (Arup, 2014).
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Point A (5.0; 93.0)ft Phreatic Level: EL. +93.Oft
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Boundary conditions:
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- Flow closed
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- Free displacement.
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Figure 4-15: PLAXIS Model, example of geometry and materials (PLX34).
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Figure 4-24: Creep tests, pa determination for UMC and LMC.
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Figure 4-27: Calibration curves for p2 (left) and P3 (right).
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Figure 4-29: PLAXIS results, total settlement and settlement rates at Dec/1 985 (left) and Dec/i 987 (right).
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Figure 4-32: PLAXIS results, total settlement and settlement rates at Dec/2007 (left) and Dec/2012 (right).
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Figure 4-34: PLAXIS results, total settlement and settlement rates at Dec/2027 (left) and Dec/2032 (right).
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Figure 4-35: PLAXIS results, total settlement and settlement rates at Dec/2037 (left) and Dec/2042 (right).
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Figure 4-37: PLAXIS settlement rates and settlement for 14m of marine clay (UMC=4.5m).
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Figure 4-38: PLAXIS excess pore pressure for 14m of marine clay (UMC=4.5m).
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Figure 4-42: PLAXIS excess pore pressure for 18m of marine clay (UMC=8.5m).
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Figure 4-43: PLAXIS settlement rates and settlement for 20m of marine clay (UMC=10.5m).
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Figure 4-44: PLAXIS excess pore pressure for 20m of marine clay (UMC=10.5m).
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Figure 4-45: PLAXIS settlement rates and settlement for 22m of marine clay (UMC=12.5m).
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Figure 4-46: PLAXIS excess pore pressure for 22m of marine clay (UMC=12.5m).
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Figure 4-47: PLAXIS settlement rates and settlement for 24m of marine clay (UMC=14.5m).
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Figure 4-48: PLAXIS excess pore pressure for 24m of marine clay (UMC=14.5m).
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Figure 4-49: Comparison between PLAXIS predictions at Dec/2017 and site measurements.
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1. SUMMARY

This thesis has investigated the application of a new rate dependent constitutive model, MIT-

SR, for predicting long-term deformations of clays. MIT-SR (Yuan, 2016) introduces a novel

elasto-viscoplastic formulation in which viscoplastic strain rates are controlled by the prior history

of straining. This enables the model to capture a wide range of time dependent behavior,

encompassing the extreme scaling of creep and consolidation with length scale envisaged by

Hypotheses A and B (Ladd et al., 1977). The current thesis presents two detailed case studies

using MIT-SR. In each case, the model is calibrated using results of available laboratory tests and

is then applied directly in predictions of performance through finite element analyses using the

Plaxis 2D program.

The first project analyzed was the New Hamilton Partnership Levee (NHPL) in California. It

consisted of an IIft high embankment, constructed between Apr/96 and Nov/96 approximately,

on +30ft of a highly compressive clay known as San Francisco Bay Mud (SFBM). Settlements of

the levee were monitored for a period of 5.5 years after construction. The original settlement

predictions were presented prior to construction and grossly underestimated the settlements of the

levee. This result motivated a series of site investigations, monitoring programs and re-analyses,

including a prior SM thesis at MIT (Nguyen, 2006). The study by Nguyen (2006) utilized the Soft

Soil Model (SSM) to represent SFBM and calibrated its parameters to match the observed post-

construction levee's behavior. The SSM does not include creep and was only able to match the

measured post-construction settlements after scaling the measured pre-consolidation pressures by

a factor of 0.8 &Xp.

Our re-analyses consisted on the calibration of MIT-SR parameters for SFBM considering the

original preconsolidation profile utilizing laboratory and field tests data only. The model

predictions are compared with results obtained using both SSM and Soft Soil Creep Model

(SSCM) where creep parameter ([1*) was calculated independently. Two-dimensional FEM

simulations of the construction and long-term consolidation processes (from Apr/96 to Apr/26,

30yrs from construction) of the NHPL were executed with each model (SSM, SSCM and MIT-

SR) and the predictions of the embankment's performance (vertical and horizontal displacements

and total pore pressure) were analyzed and compared against available monitoring measurements.
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The second project concerns long-term settlements of reclamation fills for Marina Bay in

Singapore. This land reclamation process occurred between 1979 and 1985 and consisted on the

deposition of 13m of granular, dredged fill on the original seabed, principally composed by soft

compressive clays (Upper and Lower Marine Clay; UMC and LMC). The recent development of

the Thomson Line for the Singapore Mass Rapid Transit system includes the construction of new

underground stations associated with projects T228 and T302 on the west and east banks of the

Marina channel. Ongoing works at these sites are revealing significant on-going settlements at

free-field locations (afar from the tunnel excavations).

MIT-SR was utilized to represent the UMC and LMC present in the area and a series of 1 D

FEM simulations were conducted to represent the full range of subsurface stratigraphies found on

both banks of the channel. Between Dec/87 and Dec/47, results were calculated every 5 years to

track their progression. The preconsolidation profile prior to the reclamation works was

determined and a relationship between creep rates and settlement with total Marine Clay thickness

was determined. The UMC thicknesses considered varied between 4.5 and 14.5m whereas for

LMC they ranged between 1.5 and 17.5m. All simulations considered 13.Om of Fill over UMC,

3.5m of fluvial clay (F2) between UMC and LMC and Old Alluvium below LMC. From top to

bottom, the geotechnical layers considered in the 54 studied stratigraphies were Fill, UMC, F2,

LMC and OA.

The performance of MIT-SR model was analyzed by comparing the predicted creep rates and

total settlement at Dec/17 against site measurements and current ground elevations. In addition,

the results from these simulations pretend to serve as a robust, reference tool to estimate creep rate

based on total thickness of the Marine Clay area and complement numerical simulations which do

not account for creep phenomena.

5.2. CONCLUSIONS

The results from MIT-SR simulations in both projects were very encouraging and confirmed

the strong predictive capabilities of the model with a calibration procedure based on laboratory

and site tests data.

The conclusions from the NHPL project are:

184



" The models predictions of displacements are very different, especially in the undrained

response during levee construction and the long-term response. All models predicted very

similar pore pressures during construction and consolidation.

" The long-term maximum settlement (uyA) predictions (April/2026) were 3.47ft (SSM),

4.91ft (SSCM) and 3.07ft (MIT-SR) while the post-construction settlements responses

were 1.98ft (SSM), 3.37ft (SSCM) and 2.57ft (MIT-SR). The larger discrepancies occurred

in the undrained response during construction and illustrate the differences in the modelling

of the undrained shear behavior: MIT-SR predicted at the end of construction a settlement

of 0.51m while SSM and SSCM predicted settlements equal to 1.49 and 1.54ft,

respectively.

" The predictions of maximum horizontal displacement (uxB) exhibited also major

differences between models and again, the undrained response had strong influence in the

differences observed: uxB at the end of construction (EOC) were approximately 0.70ft

(SSM and SSCM) and 0.10ft (MIT-SR). The predictions of the ratio uxB/uyA, at EOC were

0.45 (SSM and SSCM) and 0.20 (MIT-SR) and decayed during consolidation to values

between 0.20 and 0.25 (SSM and SSCM) and 0.174 (MIT-SR). If considering only post-

construction displacements, these relationships converge in the long-term to 0.07-0.10

(SSM and SSCM) 0.168 (MIT-SR).

* Empirical data by Ladd (1991) showed that uxB/uyA-0. 2 0 are normal while higher ratios

are abnormal for most embankments. MIT-SR can correctly track the continuous increment

of horizontal displacement due to construction and consolidation and therefore, the ratio

uxB/uyA can correctly be registered even during construction. On the other hand. SSM and

SSCM exhibit limitations in predicting both undrained and consolidation responses with a

unique set of parameters.

" The predictions of pore pressure presented the higher similarities although there was a

general trend: SSCM predicted the higher pore pressures, followed by SSM while MIT-SR

always predicted the lowest values. SSM and MIT-SR were very similar and accurately

matched the monitored values on site.

* Last but not least, regarding creep and the long-term response, SSM and MIT-SR converge

to long-term, steady responses while SSCM continues to exhibit increment in settlement

due to creep. MIT-SR reaches a steady condition because its framework contains a decay
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mechanism to control viscoplastic strains in time and reduce creep rate while SSCM

considers constant creep rate and settlement increases indefinitely.

The conclusions from the Marina Bay reclamation analyses are as follows:

* There is a direct relationship between total thickness of marine clay and the settlement and

creep rates observed. Slight differences were encountered between minimum, average and

maximum settlement and creep rates calculated for each specific thickness of marine clay.

Therefore, average values were considered for later comparisons against site information.

* For 9m and 30m of MC (values that define the calculated 95% confidence interval), current

settlement and creep rate would be 2.62m and 2mm/yr and 4.23m and 18mm/yr,

respectively. For 19.3m (the mean thickness of MC) current settlement and creep rate

would be 3.67m and 10mm/yr.

" By the end of the reclamation, maximum excess pore pressure is approximately 150kPa

while in 2017 the excess pore pressure is lower than 20kPa. Therefore, the settlement rate

from 2017 onwards can be attributed principally to creep.

" Settlement rates in T228 are more consistent and data shows settlement increasing linearly

with time and annual rates of settlement are consistent. On the other hand, most of the

markers in T302 are located within a golf course which construction ended in 2006 and

included additional fillings. These points exhibit a higher settlement rate until in November

2017 and around May 2018, some points show rebound which could be explained by

material removed in the golf course. Their behavior does not represent free field behavior.

The comparison is mostly focused against T228 markers.

" The first comparison against site measurements was in terms of ground elevations.

Simulations considered an initial ground elevation of +106mRL (Jan/1985) and ground

elevations at Dec/i 7 were calculated from the predicted total settlement. Predicted ground

elevations ranged between +101.7 and +103.9mRL while ground elevations at T228 and

T302 varied between +103.2 and +106.5mRL.

* The second comparison with field information was in term of creep rates. All the markers

considered had marine clay thicknesses between 10.1 and 23.1 m and calculated settlement

rates were 24-62mm/yr. For these marine clay values, predictions estimate current

settlement rate between 9 and 15mm/yr.
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* In both comparisons, predictions fall short to accurately describe current ground elevations

and creep rates. The main issue to be addressed is that the 1 D problem modelled is sensitive

to the hydraulic conductivities of UMC, F2 and LMC. The limitation of the information

available to select this parameter conditioned the analyses. If selecting lower values than

the considered in these analyses (k,=2. 1 E-8m/s for UMC and kv=6.4E-9m/s for F2 and

LMC), predictions by 2017 would change and lower settlements and higher rates would be

expected.

As stated, MIT-SR exhibited a strong predictive capability in both projects, particularly in the

NHPL comparisons. The comparison with Singapore Bay project was strongly limited by the

information available.

5.3. RECOMMENDATIONS

The current thesis studied the predictive capability of MIT-SR model with materials calibrated

with laboratory and field tests data and with projects that included soil loading, consolidation and

creep response.

Other proposed applications and validations of the MIT-SR model could be:

1. Problem with stress relaxation to study the soil-structure interaction. Two proposed cases

would be deep excavations (already proposed by Sottile, 2016) and tunnel excavations. In

these projects, potential optimization of the structural design and construction procedure

would signify reduction in costs and construction time.

2. Dynamic analyses to test the pore pressure development and dissipation together with the

potential liquefaction of sands considering that MIT-SR includes the framework of MIT-

S1 (originally proposed to unify sands and clays constitutive modelling).

3. Validate the models proposed framework for P2 and P3 parameters (already proposed by

Yuan, 2016) at element scale by simulating laboratory tests with creep stages after

surcharge phases. Examples of tests with these characteristics are included in Choi (1982).
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7. APPENDICES

7.1. APPENDIX A: NEW HAMILTON PARTNERSHIP LEVEE PROJECT

7.1.1. URS (2003) site investigation and monitoring information

Table 7-1: Summary of field testing on Bay Mud for NHPL (Nguyen, 2006).

Tasks Technique/Contractor Quantity Remarks

Taking undisturbed samples typically at 5ft
Rotary wash drilling; depth intervals in Bay Mud borehole logs;

Borings with Dames Moore U- Dames&More Piston Sampler used to get
sampling along sampler, Pitcher 19 boreholes undisturbed sample (2.5 inches in diameter
the alignment of sampler, Dames & and 18 inches long -brass tubes) for

NHPL Moore Piston Sampler, laboratory tests. Also some 3" 1 Osterberg
sampler for MIT DSS tests

- Undrained shear strength and stress history
Field vane tests Geonor device 20 locations spatial variations under and adjacent to levee.

- Field vane correction factor p = 0.8.
- Tip resistance, side friction, pore pressures

CPTU tests used mainly to provide information on
(piezocone Nk= 16 7 locations stratigraphy and strength.

penetration tests) - Pore pressure dissipation proved the sandy
layer under the Bay Mud is a draining layer

4 locations, in - Compression and shear wave velocities;
Downhole Redpath Geophysics of the area of the SFBM has shear wave velocity = 255 to 270

geophysical tests Murphys, California proposed new ft/sec (free field)
test fill -Deposit stratigraphy.

- 6 test sections.
- 26 piezometers, 2 inclinometers, 2 Sondex

Instrumentation URS 30 devices systems
- Pore pressures, lateral deformation, vertical

settlement profiles.
-TS3 and 5 at proposed test fill area.

- Settlement markers were installed on the
Settlement 32 points, floodwall (about 3.Oft away from center of the
monitoring City of Novato 200ft spacing levee crest).

program after (From Oct. 96 to Jan. along the - Baseline readings were taken between Oct. 7
construction of 31, 2002) NHPL and Dec. 4, 1996.

NHPL alignment - Between baseline and Jan. 2002, 11 sets of
readings were taken.
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Table 7-2: Summary of laboratory testing on Bay Mud for NHPL (Nguyen, 2006).

Tasks Technique/Contractor Quantity Remarks

- ASTM D422, D1140, Atterberg limits, grain size
Index tests D4318, D2216, D2937 All tubes analyses, moisture content,

specific gravity and density.

All tubes tested All tubes sent to MIT for X-rays
X-rays MIT at MIT for assessing microfabric and

sample quality
Compressibility and hydraulic
conductivity parameters and

Consolidation ASTM D 4186, MIT 22 CRSC 16 IL stress history.
tests ASTM D 2435, Signet OED Casagrande and Becker et al.

(1987) strain energy techniques
for 'p

CKOU-DSS ASTM D 6528, MIT 7 DSS SHANSEP technique with
values of S & m; DSS also

CKOUTC/TE ASTM D 4767, MIT 3 TC 2 TE provided compressibility and u'p

Table 7-3: Monitoring information, settlement (URS, 2003).

Date At P16 pt P17 pt P18 pt P19 pt

[-1 [day] Ift] Ift Ifti Ifti

11/11/1996 0 0.00 0.00 0.00 0.00

7/1/1997 57 0.17 0.13 0.07 0.11

3/2/1997 84 0.23 0.17 0.11 0.17

4/3/1997 113 0.28 0.22 0.16 0.23

31/3/1997 140 0.37 0.30 0.24 0.31

6/5/1997 176 0.44 0.36 0.31 0.39

4/6/1997 205 0.44 0.36 0.30 0.40

9/7/1997 240 0.52 0.43 0.35 0.46

29/10/1998 717 1.12 0.95 0.83 1.00

24/8/1999 1016 1.35 1.17 1.01 1.25

25/8/2000 1383 1.63 1.45 1.27 1.54

31/1/2002 1907 1.92 1.74 1.52 1.86
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Table 7-4: Monitoring information, inclinometers and Sondex in 20/Nov/2002 (URS, 2003).

Inclinometers

TS3-14' TS5-14'

EL Ph EL Ph

[ft Ift [ft Ifti

-4.1 -0.002 -4.3 -0.003

-6.0 0.003 -6.5 0.000

-8.1 0.007 -8.7 0.003

-10.2 0.009 -10.6 0.005

-12.2 0.012 -12.6 0.009

-14.1 0.015 -14.5 0.010

-16.2 0.017 -16.2 0.010

-18.1 0.020 -18.4 0.013

-20.0 0.019 -20.6 0.012

-21.9 0.019 -22.5 0.012

-23.8 0.019 -24.3 0.010

-25.8 0.017 -26.3 0.010

-27.7 0.017 -28.3 0.009

-29.5 0.014 -30.3 0.009

-31.5 0.013 -32.0 0.007

-33.4 0.010 -34.0 0.006

-35.3 0.008 -36.1 0.004

-37.3 0.005 -38.1 0.001

-39.2 0.003 -40.0 0.001

-42.8 0.002 -43.9 0.001

-46.7 0.002 -47.7 0.002

-50.2 0.002 -51.6 0.001

-54.3 0.002 -55.6 0.002

-58.1 0.002 -59.5 0.002

-60.1 0.001 -61.7 0.001

-64.0 0.001 -65.7 0.001

-68.0 0.001 -69.7 0.002

Sondex

TS3-SI TS3-S3

EL pv EL pv

Ift Ift Ifti Ift

-5.8 0.14 4.9 0.24

-11.0 0.08 -0.1 0.16

-16.1 0.08 -5.0 0.14

-21.1 0.09 -10.3 0.17

-26.0 0.10 -14.4 0.16

-31.1 0.11 -19.4 0.12

-36.1 0.10 -24.3 0.09

-41.2 0.00 -29.6 0.08

-46.2 0.00 -33.9 0.00

-50.3 0.00 -38.8 0.00

-55.3 0.00 -43.6 0.00

-60.4 0.00 -48.3 0.00

-65.4 0.00 -52.6 0.00

-70.3 0.00 -57.8 0.00

-75.2 0.00 -68.1 0.00

-80.4 0.00 -77.4 0.00

-5.8 0.14 4.9 0.24
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Table 7-5: Monitoring information, piezometers in Line 1 in TS3 (URS, 2003).

Piezometer EL Pore pressure, Hw Ift]

[-1 Ift] 1-feb-02 16-feb-02 15-mar-02 23-mar-02 31-mar-02 12-may-02 20-nov-02

TS3P1-PI -13.5 10.46 8.94 9.45 9.48 9.52 8.52 8.16

TS3PI-P2 -23.5 20.42 19.49 20.40 20.33 19.97 19.56 19.11

TS3P1-P3 -33.5 30.57 28.76 29.47 29.70 29.54 28.93 29.75

TS3P1-P4 -44.5 40.63 40.20 40.12 40.15 39.89 39.48 39.32

Table 7-6: Monitoring information, piezometers in Line 2 in TS3 (URS, 2003).

Piezometer EL Pore pressure, Hw Ift]

[-I Ift 16-feb-02 15-mar-02 23-mar-02 31-mar-02 12-may-02 20-nov-02

TS3P2-P1 -10.8 13.50 11.00 11.00 10.50 9.50 9.00

TS3P2-P2 -17.8 16.36 15.83 15.80 15.06 13.46 14.15

TS3P2-P3 -24.8 21.93 20.83 21.23 21.20 20.90 20.58

TS3P2-P4 -32.8 29.93 30.54 30.80 30.50 30.00 29.87

TS3P2-P5 -39.8 35.50 35.40 35.81 35.49 35.33 34.58

TS3P2-P6 -47.8 42.65 42.55 42.52 42.49 42.33 41.58

TS3P2-P7 -57.8 52.50 51.98 52.38 51.92 51.05 51.45

TS3P2-P8 -67.8 64.22 63.98 64.38 63.78 63.48 63.45

Table 7-7: Monitoring information, piezometers in Line 3 in TS3 (URS, 2003).

Piezometer EL Pore pressure, Hw Ift]

- 00 0

TS3P3-PI -10.1 13.87 6.50 6.60 6.73 6.77 7.14 6.61 6.68 8.50 9.00

TS3P3-P2 -17.1 21.97 18.32 17.22 17.45 16.99 17.46 16.13 16.09 16.38 16.16

TS3P3-P3 -24.1 30.00 28.54 27.43 27.46 27.31 27.17 27.64 27.21 24.69 25.27

TS3P3-P4 -31.1 36.40 35.15 34.25 34.17 34.12 33.79 32.85 32.61 32.59 32.47

TS3P3-P5 -38.1 36.90 35.45 37.15 37.08 37.13 36.79 36.45 36.52 36.40 36.57

TS3P3-P6 -45.1 41.51 40.66 41.06 40.99 40.33 40.39 39.96 40.12 40.40 40.48
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Table 7-8: Monitoring information, piezometers in Line 4 in TS3 (URS, 2003).

Piezometer EL Pore pressure, Hw Ifti

1- IN.
[-I [ft] -2.

TS5PI-P1 -10.1 2.80 4.51 4.04 4.07 5.71 5.79 5.50 5.50

TS5P1-P2 -19.1 14.90 14.51 14.44 14.37 14.50 17.29 16.50 16.50

TS5PI-P3 -27.1 23.40 23.31 22.94 23.16 22.80 27.48 25.00 25.00

TS5PI-P4 -35.9 34.70 35.10 34.84 32.86 31.20 30.48 30.00 30.00

TS5PI-P5 -45.1 40.50 40.60 40.33 40.46 40.19 42.27 40.50 40.50

Table 7-9: Monitoring information, piezometers in Line 1 in TS5 (URS, 2003).

Piezometer EL Pore pressure, Hw Ift]

[-] Ift 15-mar-02 23-mar-02 31-mar-02 12-may-02 20-nov-02

TS5P1-P1 -11.5 6.67 6.15 6.14 5.37 7.03

TS5P1-P2 -20 17.56 17.55 18.26 17.18 16.20

TS5PI-P3 -35 31.11 31.40 31.49 31.33 30.46

TS5PI-P4 -40 35.69 35.48 35.36 35.10 35.34

TS5P1-P5 -46.5 42.01 42.20 41.98 41.42 41.00

Table 7-10: Monitoring information, piezometers in Line 2 in TS5 (URS, 2003).

Piezometer EL Pore pressure, Hw Ift]

[-I Ift] 20-ene-02 1-feb-02 15-mar-02 23-mar-02 12-may-02 20-nov-02

TS5P2-P1 -9.8 5.12 4.81 5.60 5.29 4.02 4.61

TS5P2-P2 -17.8 14.86 14.95 14.92 14.82 14.47 15.37

TS5P2-P3 -26.3 27.66 25.30 23.33 23.32 23.29 23.97

TS5P2-P4 -34.3 33.50 31.96 31.32 31.93 30.77 30.84

TS5P2-P5 -41.8 37.60 37.39 36.65 36.64 36.50 36.17
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Table 7-11: Monitoring information, piezometers in Line 3 in TS5 (URS, 2003).

Piezometer EL Pore pressure, Hw [ft]

1- IN II

[-I [ftj E.

TS5P3-P1 -11.6 16.47 11.55 11.14 11.85 10.50 10.40 10.30 10.00

TS5P3-P2 -17.6 17.47 16.67 16.47 16.67 15.66 16.16 16.57 16.67

TS5P3-P3 -24.1 23.59 25.70 26.10 27.61 24.00 23.90 23.39 23.19

TS5P3-P4 -30.6 34.94 31.43 31.22 31.43 31.63 31.22 30.72 31.63

TS5P3-P5 -36.6 36.75 36.04 35.94 35.64 35.44 35.14 35.44 35.14

TS5P3-P6 -43.1 40.16 39.46 39.16 38.76 38.15 38.05 38.25 38.76

7.1.2. Korchaiyapruk (2007)

Table 7-12: Oedometer tests - Load applied, strain and void ratio (Korchaiyapruk, 2007).

Oed 112 Oed 113 Oed 116 Oed 117 Oed 122
ALL

eo=2.579 eo=2.371 eo=2.581 eo=2.137 eo=2.435

a'v e e e 6 e e

lkscl 1%] 1-1 1%] - [/ 1-1 1%] 1-1 1%] 1-1
0.1 0.1 2.58 0.1 2.37 0.0 2.58 0.0 2.14 2.2 2.36

0.2 0.6 2.56 0.4 2.36 0.5 2.56 0.4 2.12 4.6 2.28

0.4 2.0 2.51 1.9 2.31 1.3 2.53 1.5 2.09 13.3 1.98

1.0 14.1 2.07 13.4 1.92 9.8 2.23 11.4 1.78 25.7 1.55

2.0 24.8 1.69 22.6 1.61 19.8 1.87 20.7 1.49 33.9 1.27

4.0 33.8 1.37 30.7 1.34 27.4 1.60 27.8 1.26 40.5 1.05

8.0 40.2 1.14 38.1 1.09 34.6 1.34 34.6 1.05 46.6 0.83

16.0 46.4 0.92 44.1 0.88 40.3 1.14 39.8 0.89 51.4 0.67

Table 7-13: Oedometer test 112 - Secondary compression stages (Korchaiyapruk, 2007).

Stage: 1-2ksc Stage: 2-4ksc Stage: 4-8ksc Stage: 8-16ksc

t e t 6 e t 8 e t . e

min - [min] [%] [-8 [min] [%] [- [min [%] -1
0.04 16.53 1.988 0.24 27.23 1.604 0.13 35.00 1.326 0.03 41.06 1.110

0.06 16.56 1.986 0.33 27.33 1.601 0.16 35.04 1.325 0.05 41.13 1.107

0.08 16.62 1.984 0.44 27.43 1.597 0.20 35.09 1.323 0.08 41.18 1.105

0.12 16.68 1.982 0.59 27.57 1.592 0.25 35.15 1.321 0.11 41.23 1.103

0.17 16.75 1.980 0.80 27.73 1.587 0.31 35.22 1.319 0.15 41.31 1.100
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0.24 16.85 1.976 1.07 27.92 1.580 0.39 35.29 1.316 0.22 41.39 1.098
0.34 16.95 1.972 1.44 28.11 1.573 0.49 35.38 1.313 0.31 41.49 1.094
0.49 17.09 1.968 1.97 28.37 1.564 0.62 35.47 1.309 0.43 41.61 1.090
0.70 17.25 1.962 2.47 28.54 1.558 0.78 35.58 1.306 0.61 41.75 1.085
0.99 17.45 1.954 3.26 28.88 1.545 0.98 35.70 1.301 0.87 41.93 1.078
1.42 17.72 1.945 4.38 29.26 1.532 1.24 35.84 1.296 1.26 42.07 1.073
2.01 18.01 1.934 5.79 29.64 1.518 1.55 35.99 1.291 1.58 42.23 1.068
2.94 18.25 1.926 7.51 30.00 1.505 1.95 36.16 1.285 1.91 42.44 1.060
3.72 18.58 1.914 9.92 30.46 1.489 2.46 36.35 1.278 2.65 42.71 1.051
4.46 18.93 1.902 13.11 30.92 1.472 3.09 36.57 1.270 3.60 43.02 1.039
5.88 19.32 1.887 17.00 31.34 1.457 3.89 36.79 1.262 4.68 43.31 1.029
7.48 19.77 1.871 22.46 31.77 1.442 4.89 37.05 1.253 6.35 43.69 1.015
9.51 20.19 1.856 30.22 32.20 1.426 6.10 37.33 1.243 8.43 44.03 1.003
12.36 20.77 1.836 40.66 32.59 1.413 7.42 37.57 1.235 10.95 44.36 0.991
16.07 21.25 1.819 54.71 32.89 1.402 9.07 37.83 1.225 14.23 44.68 0.980
19.99 21.71 1.802 69.88 33.24 1.389 11.09 38.10 1.215 18.90 44.99 0.969
25.42 22.17 1.786 95.43 33.36 1.385 13.56 38.37 1.206 25.65 45.31 0.957
32.33 22.65 1.768 128.39 33.57 1.377 16.58 38.64 1.196 35.59 45.60 0.947

41.12 23.11 1.752 172.72 33.75 1.371 20.56 38.90 1.187 52.71 45.86 0.938
53.47 23.56 1.736 232.36 33.91 1.365 25.87 39.16 1.177 74.73 46.05 0.931
72.66 24.04 1.719 312.58 34.06 1.360 32.54 39.43 1.168 105.95 46.23 0.924

103.26 24.42 1.705 420.49 34.20 1.355 40.94 39.62 1.161 150.22 46.37 0.920
147.86 24.76 1.693 565.65 34.34 1.350 48.45 39.88 1.152 212.98 46.49 0.915
208.69 25.05 1.682 760.90 34.45 1.346 61.15 39.95 1.149 301.97 46.62 0.910

296.77 25.31 1.673 1023.56 34.57 1.342 76.91 40.12 1.143 428.13 46.74 0.906
422.11 25.54 1.665 1376.85 34.67 1.338 96.73 40.25 1.138 607.01 46.84 0.903
600.49 25.73 1.658 1719.85 34.79 1.334 121.63 40.37 1.134 860.62 46.95 0.899
835.74 25.89 1.652 - - - 152.96 40.49 1.130 1220.20 47.06 0.895

1041.72 26.01 1.648 - - - 192.35 40.59 1.126 1730.01 47.15 0.891

- - - - - - 241.87 40.69 1.123 2317.54 47.22 0.889

- - - - - - 304.14 40.78 1.119 2985.05 47.31 0.886

- - - - - - 382.43 40.87 1.116 - - -

- - - - - - 441.30 40.93 1.114 - - -

Table 7-14: Oedometer test 113 - Secondary compression stages (Korchaiyapruk, 2007).

Stage: 1-2ksc Stage: 2-4ksc Stage: 4-8ksc Stage: 8-16ksc

t 8 e t 9 e t 8 e t e

[min] 1%] [-1 [min] 1%] [-1 [min] 1%] 1-1 [min] 1[%0 [-
0.21 15.89 1.84 0.20 24.09 1.56 0.12 34.01 1.22 0.13 39.57 1.04

0.28 16.00 1.83 0.29 24.24 1.55 0.15 34.06 1.22 0.18 39.63 1.04

0.37 16.10 1.83 0.41 24.39 1.55 0.20 34.12 1.22 0.26 39.72 1.03
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0.50 16.22 1.82 0.58 24.57 1.54 0.27 34.18 1.22 0.36 39.82 1.03
0.66 16.35 1.82 0.82 24.78 1.54 0.36 34.26 1.22 0.50 39.94 1.02
0.89 16.49 1.82 1.15 25.02 1.53 0.49 34.36 1.21 0.71 40.09 1.02
1.19 16.67 1.81 1.63 25.29 1.52 0.65 34.47 1.21 0.99 40.27 1.01
1.59 16.87 1.80 2.31 25.64 1.51 0.86 34.59 1.20 1.41 40.45 1.01
2.13 17.11 1.79 3.24 25.99 1.49 1.15 34.72 1.20 1.95 40.70 1.00
2.86 17.37 1.79 4.33 26.32 1.48 1.57 34.84 1.20 2.68 40.95 0.99
3.83 17.70 1.77 5.50 26.69 1.47 2.03 35.03 1.19 3.53 41.22 0.98
5.13 18.04 1.76 6.98 27.05 1.46 2.67 35.25 1.18 4.74 41.53 0.97
6.88 18.43 1.75 8.67 27.41 1.45 3.44 35.49 1.17 6.51 41.94 0.96
8.90 18.83 1.74 10.76 27.77 1.43 4.42 35.72 1.17 8.56 42.26 0.95

11.29 19.25 1.72 13.37 28.14 1.42 5.69 35.98 1.16 11.03 42.56 0.94
14.33 19.65 1.71 16.61 28.50 1.41 7.32 36.24 1.15 14.21 42.88 0.93
17.86 20.04 1.70 20.63 28.87 1.40 9.24 36.50 1.14 18.70 43.20 0.91
22.26 20.42 1.68 26.19 29.24 1.39 11.46 36.74 1.13 25.14 43.52 0.90
27.74 20.82 1.67 33.97 29.61 1.37 14.22 36.98 1.12 34.52 43.79 0.89
34.57 21.18 1.66 46.01 29.95 1.36 17.96 37.24 1.12 48.43 44.01 0.89
43.87 21.55 1.64 65.06 30.28 1.35 23.10 37.50 1.11 67.95 44.20 0.88
56.69 21.93 1.63 92.00 30.55 1.34 29.18 37.72 1.10 95.36 44.38 0.88
61.80 22.24 1.62 130.08 30.75 1.33 38.89 37.99 1.09 133.83 44.54 0.87
80.31 22.46 1.61 183.94 30.96 1.33 52.98 38.24 1.08 187.85 44.66 0.87
107.60 22.72 1.61 260.05 31.12 1.32 77.91 38.45 1.08 263.69 44.76 0.86
144.14 22.95 1.60 367.67 31.27 1.32 106.37 38.60 1.07 370.14 44.88 0.86
193.09 23.17 1.59 519.81 31.41 1.31 141.80 38.74 1.07 519.59 44.99 0.85
258.62 23.35 1.58 734.89 31.54 1.31 189.02 38.86 1.06 729.39 45.09 0.85
346.38 23.53 1.58 1038.95 31.66 1.30 251.97 38.98 1.06 1023.94 45.19 0.85
423.43 23.63 1.57 1468.81 31.78 1.30 335.89 39.09 1.05 1437.45 45.28 0.84

- - - 1863.58 31.86 1.30 409.28 39.16 1.05 2018.04 45.36 0.84
- - - - - - - - - 2658.56 45.43 0.84

Table 7-15: Oedometer test 116 - Secondary compression stages (Korchaiyapruk, 2007).

Stage: 1-2ksc Stage: 2-4ksc Stage: 4-8ksc Stage: 8-16kse

t C e t 9 e t 8 e t s e

[min] [%] [-] [min] [%] [-1 [min] [%] 0-. [min] [%] [-1
0.12 9.44 2.24 0.15 21.54 1.81 0.13 28.83 1.55 0.05 35.90 1.30
0.17 9.47 2.24 0.20 21.58 1.81 0.18 28.88 1.55 0.08 35.94 1.29
0.24 9.57 2.24 0.26 21.63 1.81 0.26 28.95 1.54 0.11 35.98 1.29
0.34 9.66 2.24 0.34 21.69 1.80 0.36 29.02 1.54 0.15 36.04 1.29
0.47 9.76 2.23 0.45 21.75 1.80 0.49 29.12 1.54 0.22 36.10 1.29
0.67 9.90 2.23 0.59 21.82 1.80 0.68 29.23 1.53 0.31 36.17 1.29
0.94 10.07 2.22 0.78 21.91 1.80 0.95 29.35 1.53 0.43 36.24 1.28
1.33 10.27 2.21 1.03 22.02 1.79 1.32 29.49 1.52 0.61 36.33 1.28
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1.88 10.51 2.20 1.34 22.13 1.79 1.83 29.67 1.52 0.85 36.43 1.28
2.65 10.78 2.19 1.77 22.25 1.78 2.53 29.87 1.51 1.25 36.57 1.27
3.75 11.12 2.18 2.32 22.41 1.78 3.60 30.04 1.51 1.77 36.73 1.27
5.29 11.55 2.17 3.06 22.59 1.77 4.90 30.34 1.49 2.53 36.86 1.26
7.48 12.06 2.15 4.02 22.80 1.76 6.48 30.63 1.48 3.55 37.06 1.25
10.38 12.54 2.13 5.39 22.96 1.76 8.80 30.98 1.47 4.84 37.30 1.25
14.92 13.27 2.11 6.94 23.27 1.75 11.24 31.29 1.46 6.78 37.58 1.24

19.77 13.90 2.08 8.63 23.51 1.74 14.66 31.66 1.45 8.76 37.82 1.23
27.35 14.78 2.05 11.02 23.80 1.73 18.34 31.99 1.44 11.56 38.13 1.22

35.46 15.42 2.03 13.77 24.09 1.72 22.49 32.28 1.42 15.59 38.43 1.20
45.98 16.13 2.00 19.07 24.58 1.70 27.57 32.59 1.41 20.13 38.71 1.19
59.61 16.78 1.98 23.82 24.90 1.69 34.50 32.90 1.40 26.01 38.99 1.18
77.28 17.43 1.96 29.25 25.23 1.68 44.07 33.24 1.39 34.32 39.28 1.17
104.60 18.08 1.93 35.93 25.55 1.67 56.29 33.53 1.38 46.27 39.56 1.16
147.76 18.62 1.91 44.89 25.90 1.65 74.90 33.86 1.37 63.74 39.84 1.15
182.13 19.14 1.90 57.05 26.24 1.64 138.25 34.31 1.35 80.11 40.06 1.15
248.03 19.30 1.89 72.50 26.57 1.63 199.74 34.52 1.34 111.09 40.17 1.14

350.23 19.64 1.88 93.72 26.90 1.62 277.03 34.68 1.34 156.40 40.33 1.14

494.44 19.89 1.87 120.74 27.21 1.61 384.26 34.82 1.33 220.21 40.47 1.13
698.02 20.13 1.86 173.51 27.46 1.60 533.03 34.94 1.33 310.04 40.61 1.13
985.32 20.33 1.85 236.06 27.67 1.59 739.39 35.07 1.33 436.57 40.72 1.12

1390.98 20.56 1.84 310.35 27.83 1.58 1025.67 35.18 1.32 614.73 40.83 1.12

1963.42 20.73 1.84 408.00 27.98 1.58 1422.84 35.28 1.32 865.63 40.93 1.12

2771.46 20.91 1.83 536.37 28.11 1.57 1973.83 35.38 1.31 1193.21 41.01 1.11
3911.83 21.06 1.83 693.18 28.23 1.57 2738.31 35.47 1.31 - - -

5288.21 21.16 1.82 - - - 3798.79 35.56 1.31 - - -

- - - - - - 5270.14 35.65 1.30 - - -

Table 7-16: Oedometer test 117 - Secondary compression stages (Korchaiyapruk, 2007).

Stage: 1-2ksc Stage: 2-4ksc Stage: 4-8ksc Stage: 8-16ksc

t 8 e t 6 e t . e t 8 e

[min] 1%] 1-1 Iminj 1%] 1-1 [min] 1%] -1 Imin] 1%] [-]
0.10 12.32 1.75 0.11 22.57 1.43 0.08 29.32 1.22 0.11 36.03 1.01

0.14 12.35 1.75 0.15 22.59 1.43 0.10 29.35 1.22 0.15 36.06 1.01

0.20 12.40 1.75 0.21 22.64 1.43 0.15 29.38 1.22 0.21 36.11 1.00

0.27 12.47 1.75 0.29 22.68 1.43 0.20 29.44 1.21 0.30 36.16 1.00

0.38 12.55 1.74 0.41 22.74 1.42 0.28 29.49 1.21 0.42 36.22 1.00

0.53 12.64 1.74 0.58 22.81 1.42 0.39 29.56 1.21 0.58 36.28 1.00

0.74 12.76 1.74 0.81 22.89 1.42 0.54 29.64 1.21 0.81 36.36 1.00

1.02 12.90 1.73 1.14 22.99 1.42 0.75 29.74 1.20 1.13 36.46 0.99

1.42 13.07 1.73 1.60 23.12 1.41 1.05 29.84 1.20 1.58 36.57 0.99
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1.98 13.27 1.72 2.24 23.26 1.41 1.45 29.98 1.20 2.20 36.70 0.99
2.75 13.51 1.71 3.14 23.44 1.40 2.02 30.13 1.19 3.12 36.86 0.98
3.83 13.80 1.70 4.40 23.66 1.39 2.81 30.31 1.19 4.47 37.07 0.97
5.32 14.13 1.69 6.17 23.94 1.39 3.90 30.54 1.18 5.99 37.24 0.97
7.25 14.50 1.68 8.47 24.22 1.38 5.41 30.77 1.17 7.85 37.48 0.96
9.71 14.89 1.67 11.38 24.52 1.37 7.37 31.06 1.16 10.08 37.68 0.95
12.63 15.26 1.66 14.97 24.88 1.36 9.63 31.36 1.15 13.79 38.00 0.94

15.82 15.68 1.65 19.09 25.22 1.35 11.83 31.60 1.15 18.46 38.28 0.94

19.43 16.03 1.63 23.83 25.53 1.34 15.46 31.97 1.13 23.71 38.53 0.93
25.37 16.61 1.62 30.06 25.86 1.33 20.20 32.31 1.12 30.44 38.78 0.92
31.78 17.08 1.60 37.92 26.22 1.31 25.32 32.61 1.11 39.92 39.02 0.91
39.02 17.49 1.59 48.85 26.58 1.30 31.75 32.90 1.10 53.45 39.26 0.91
47.90 17.93 1.57 62.94 26.90 1.29 40.63 33.21 1.10 74.61 39.53 0.90
58.79 18.39 1.56 82.82 27.25 1.28 53.08 33.52 1.09 103.72 39.74 0.89
72.18 18.78 1.55 112.10 27.53 1.27 72.25 33.84 1.08 159.14 39.90 0.89
88.63 19.18 1.54 146.48 27.85 1.26 98.80 34.08 1.07 225.27 40.03 0.88
113.40 19.58 1.52 205.37 28.02 1.26 151.45 34.32 1.06 314.46 40.15 0.88
154.41 19.95 1.51 287.92 28.22 1.25 228.48 34.53 1.05 438.96 40.26 0.87
214.66 20.30 1.50 403.66 28.39 1.25 317.47 34.69 1.05 612.76 40.37 0.87
298.48 20.59 1.49 565.93 28.55 1.24 441.13 34.81 1.05 855.38 40.46 0.87
415.09 20.86 1.48 793.43 28.69 1.24 612.94 34.92 1.04 1145.29 40.54 0.87
577.44 21.04 1.48 1066.37 28.80 1.23 851.69 35.02 1.04 - - -

803.29 21.22 1.47 - - - 1183.42 35.13 1.04 - - -

1117.58 21.38 1.47 - - - 1644.36 35.22 1.03 - - -

1554.78 21.55 1.46 - - - 2284.84 35.31 1.03 - - -

2163.24 21.69 1.46 - - - 3174.78 35.40 1.03 - - -

3009.94 21.82 1.45 - - - 4411.36 35.47 1.02 - - -

4188.31 21.94 1.45 - - - 5762.96 35.53 1.02 - - -

5478.24 22.02 1.45 - - - - - - - - -

Table 7-17: Oedometer test 122 - Secondary compression stages (Korchaiyapruk, 2007).

Stage: 1-2ksc Stage: 2-4ksc Stage: 4-8ksc Stage: 8-16kse

t 8 e t 9 e t , e t 9 e
[min] 1%] [-1 [min] 1%] -1 Imin 1%] [-1 [min] 1%] 1-1
0.09 28.17 1.47 0.05 36.36 1.19 0.10 42.47 0.98 0.07 48.66 0.76
0.13 28.37 1.46 0.07 36.45 1.18 0.14 42.64 0.97 0.09 48.73 0.76
0.18 28.57 1.45 0.09 36.55 1.18 0.20 42.86 0.96 0.11 48.82 0.76
0.25 28.85 1.44 0.13 36.68 1.18 0.27 43.09 0.95 0.14 48.91 0.75
0.34 29.15 1.43 0.17 36.82 1.17 0.38 43.36 0.95 0.18 49.02 0.75
0.47 29.52 1.42 0.22 36.97 1.17 0.51 43.64 0.94 0.23 49.11 0.75
0.63 29.85 1.41 0.29 37.10 1.16 0.66 43.92 0.93 0.28 49.21 0.74
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0.84 30.26 1.40 0.36 37.29 1.15 0.92 44.33 0.91 0.32 49.32 0.74

1.14 30.77 1.38 0.47 37.54 1.15 1.22 44.67 0.90 0.39 49.45 0.74

1.45 31.15 1.36 0.62 37.77 1.14 1.55 44.97 0.89 0.50 49.63 0.73

1.82 31.54 1.35 0.78 38.03 1.13 2.02 45.30 0.88 0.61 49.78 0.72

2.27 31.92 1.34 1.02 38.32 1.12 2.73 45.63 0.87 0.78 50.00 0.72

2.85 32.29 1.33 1.31 38.60 1.11 3.77 45.96 0.86 0.99 50.18 0.71
3.63 32.65 1.31 1.69 38.89 1.10 5.21 46.21 0.85 1.25 50.39 0.70
4.64 33.01 1.30 2.18 39.18 1.09 7.01 46.44 0.84 1.59 50.61 0.70

6.17 33.33 1.29 2.81 39.45 1.08 9.93 46.59 0.83 2.02 50.81 0.69

8.36 33.62 1.28 3.68 39.72 1.07 13.72 46.73 0.83 2.57 51.00 0.68

12.29 33.91 1.27 4.81 39.98 1.06 18.95 46.87 0.82 3.26 51.18 0.68

16.99 34.12 1.26 6.50 40.20 1.05 26.17 47.00 0.82 4.12 51.35 0.67

23.48 34.31 1.26 9.78 40.44 1.05 36.13 47.10 0.82 6.16 51.60 0.66

32.46 34.45 1.25 12.81 40.57 1.04 49.90 47.20 0.81 8.19 51.70 0.66

44.86 34.60 1.25 16.77 40.73 1.04 68.90 47.31 0.81 10.40 51.80 0.66
61.99 34.74 1.24 21.97 40.84 1.03 95.15 47.41 0.81 13.20 51.88 0.65

85.67 34.86 1.24 28.78 40.94 1.03 131.40 47.51 0.80 16.76 51.96 0.65

118.38 34.98 1.23 37.70 41.06 1.02 181.45 47.60 0.80 21.28 52.04 0.65

163.59 35.11 1.23 49.38 41.16 1.02 250.56 47.69 0.80 27.02 52.11 0.64

226.04 35.22 1.23 64.69 41.26 1.02 346.00 47.78 0.79 34.31 52.18 0.64

312.35 35.34 1.22 84.74 41.36 1.01 477.79 47.87 0.79 43.56 52.25 0.64

431.60 35.45 1.22 111.01 41.45 1.01 659.79 47.96 0.79 55.30 52.31 0.64

596.34 35.55 1.21 135.92 41.51 1.01 911.08 48.04 0.78 70.21 52.38 0.64

823.99 35.66 1.21 - - - 1232.97 48.11 0.78 89.15 52.45 0.63

1138.53 35.77 1.21 - - - - - - 113.19 52.51 0.63

1480.43 35.84 1.20 - - - - - - 143.71 52.57 0.63
- - - - - - - - - 182.46 52.63 0.63

- - - - - - - - - 231.66 52.68 0.63

Table 7-18: CRS 654/656/662/674 tests information (Korchaiyapruk, 2007).

CRS-654 CRS-656 CRS-662 CRS-674

s [%/hr] 0.090 t [%/hr] 0.100 e [%/hr] 0.088 i [%/hr] 0.375

eo 2.548 eo 2.081 eo 2.301 eo J 2.294

a'v e a'v e a'v e a'v e

[psf] [-I Ipsfl [-1 [psfl [-] Ipsfl [-]

0.92 2.23 1.21 1.82 0.86 2.04 0.97 2.07

1.01 2.19 1.33 1.79 0.94 2.01 1.05 2.03

1.08 2.15 1.49 1.75 1.00 1.99 1.14 1.99

1.19 2.12 1.67 1.71 1.09 1.95 1.24 1.95

1.29 2.07 1.87 1.68 1.17 1.92 1.34 1.91
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1.48 2.00 2.37 1.60 1.38 1.86 1.60 1.83
1.61 1.96 2.69 1.56 1.50 1.83 1.77 1.78

1.74 1.92 3.03 1.52 1.57 1.81 1.89 1.75

1.92 1.88 3.40 1.48 1.68 1.78 2.08 1.71

2.10 1.84 3.83 1.44 1.84 1.75 2.26 1.67

2.30 1.79 4.32 1.40 2.00 1.72 2.45 1.64

2.50 1.75 4.88 1.36 - - 0.97 2.07

2.73 1.70 5.43 1.33 - - 1.05 2.03

2.87 1.68 6.12 1.29 - - - -

- - 6.53 1.27 - - - -

Table 7-19: CRS 680/683/686/687 tests information (Korchaiyapruk, 2007).

CRS-680 CRS-683 CRS-686 CRS-687

S[%/hr] 0.500 i [%/hr] 0.500 s [%/hr] 3.000 t [%/hr] 1.450

eo 2.854 eo 2.776 eo 2.533 eo 2.752

O'v e y e a'v e a'v e

[psfj [-I [psfl [-1 [psfl [-1 [psfI [-]
0.88 2.48 0.84 2.46 0.90 2.21 0.87 2.37

0.95 2.42 0.90 2.41 0.99 2.16 0.96 2.30

1.01 2.39 0.97 2.36 1.09 2.10 1.03 2.25

1.06 2.34 1.04 2.31 1.18 2.05 1.13 2.20

1.13 2.30 1.11 2.27 1.28 2.01 1.26 2.13
1.21 2.25 1.17 2.23 1.39 1.97 1.40 2.07

1.32 2.19 1.27 2.18 1.51 1.93 1.57 2.01

1.43 2.13 1.38 2.13 1.62 1.89 1.76 1.95

1.51 2.10 1.49 2.09 1.73 1.86 1.90 1.91

1.59 2.07 1.58 2.06 1.87 1.82 2.07 1.87

1.71 2.03 1.72 2.02 2.04 1.79 2.26 1.83

1.86 1.99 1.80 1.99 2.25 1.74 2.45 1.80

2.02 1.95 1.97 1.95 2.46 1.71 2.69 1.75

2.18 1.92 2.16 1.90 2.68 1.67 2.96 1.71

2.31 1.89 2.29 1.87 2.90 1.64 3.21 1.68

2.54 1.84 2.52 1.83 3.16 1.61 3.61 1.64

2.76 1.80 2.73 1.79 3.49 1.57 - -

2.98 1.76 2.95 1.75 3.80 1.54 - -

3.23 1.72 3.30 1.70 4.20 1.51 - -

3.46 1.69 3.53 1.67 4.54 1.48 - -

3.77 1.65 3.78 1.65 5.15 1.44 - -
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- 4.12 1.61 - - - -

Table 7-20: CRS 672 test information (Korchaiyapruk, 2007).

CRS-672-1 CRS-672-2 CRS-672-3

e [%/hr] 0.100 e [%/hr] 0.750 e [%/hr] 1.500

eo 2.371 eo 2.371 eo 2.371

a'y e O'V e a'v e

[psfI [-I IpsfI [-I IpsfI [-1
0.94 2.16 1.00 2.18 1.07 2.17

1.00 2.12 1.06 2.15 1.12 2.14

1.06 2.08 1.11 2.12 1.18 2.10

1.14 2.05 1.16 2.09 1.26 2.07

1.21 2.01 1.22 2.06 1.31 2.04

1.28 1.98 1.38 1.99 1.44 1.99

1.35 1.95 1.54 1.93 1.58 1.94

1.43 1.92 1.63 1.90 1.69 1.90

1.52 1.89 1.75 1.87 1.78 1.88

1.64 1.85 1.87 1.84 1.94 1.84

1.76 1.82 1.98 1.81 2.10 1.80

1.90 1.79 2.08 1.79 2.38 1.75

2.05 1.75 2.17 1.77 2.52 1.72

2.23 1.72 2.32 1.74 2.68 1.70

2.43 1.69 2.49 1.72 2.93 1.66

2.85 1.62 2.94 1.65 3.36 1.61

3.12 1.59 3.20 1.62 3.73 1.58

3.42 1.56 3.49 1.59 4.08 1.55

Table 7-21: CRS 691 test information (Korchaiyapruk, 2007).

CRS-691-1 CRS-691-2 CRS-691-3

e [%/hr] 0.750 e [%/hr] 1.500 i [%/hr] 3.000

eo 2.786 eo 2.786 eo 2.786

a'v e a'yv e a'v e

Ipsf] [-I IpsfI 1-1 IpsfI 1-I

0.63 2.51 0.69 2.50 0.76 2.47

0.67 2.48 0.73 2.46 0.81 2.43

0.72 2.44 0.77 2.43 0.86 2.39

0.81 2.36 0.82 2.39 0.90 2.36
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0.92 2.29 0.97 2.28 0.99 2.30
0.98 2.25 1.02 2.25 1.05 2.27
1.05 2.21 1.15 2.19 1.12 2.23
1.12 2.18 1.22 2.16 1.21 2.19
1.19 2.14 1.30 2.12 1.30 2.15
1.28 2.11 1.40 2.09 1.39 2.11

1.37 2.07 1.58 2.02 1.48 2.08
1.48 2.03 1.67 1.99 1.59 2.04

1.59 2.00 1.76 1.97 1.71 2.00

1.72 1.96 1.88 1.94 1.83 1.97
1.85 1.93 2.01 1.91 1.97 1.93
1.99 1.90 2.17 1.87 2.12 1.90
2.14 1.86 2.32 1.84 2.28 1.87
2.32 1.82 2.52 1.81 2.43 1.84
2.52 1.79 2.67 1.78 2.60 1.81
2.72 1.76 2.88 1.75 2.78 1.78
2.94 1.73 3.03 1.73 3.01 1.75
3.19 1.70 3.24 1.70 3.25 1.72
3.45 1.66 3.44 1.67 3.54 1.68
3.75 1.63 3.73 1.64 3.84 1.65
4.08 1.60 3.93 1.61 4.15 1.62
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7.1.3. PLAXIS Contour plots
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Figure 7-1: Geometries and meshes considered, SSM, SSCM & MIT-SR.
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Figure 7-2: Vertical settlements (uy) CD=215 (1 1/Nov/96), SSM, SSCM & MIT-SR.
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Figure 7-3: Vertical settlements (uy) CD=2140 (17/Feb/02), SSM, SSCM & MIT-SR.
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Figure 7-4: Vertical settlements (uy) CD=2417 (20/Nov/02), SSM, SSCM & MIT-SR.
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Figure 7-5: Vertical settlements (uy) CD=10960 (10/Apr/26), SSM, SSCM & MIT-SR.
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Figure 7-6: Horizontal settlements (ux) CD=215 (1 1/Nov/96), SSM, SSCM & MIT-SR.
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Figure 7-7: Horizontal settlements (ux) CD=2140 (17/Feb/02), SSM, SSCM & MIT-SR.
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Figure 7-8: Horizontal settlements (ux) CD=2417 (20/Nov/02), SSM, SSCM & MIT-SR.

212

6,00 am 16,0 24,00 32,5 4,00 4 6,00 56,00 64,00 72,00 0,00 00,00 0600

SSCM

1.00

0,5

0,73

0,50

O,4

0,32

0,05

0,09

-0,03

-4.32

-0,90

[f0]

0,00

0.73

0,73

0.46

-45

4,00

ILA

OAS0

_W0

0.73

0,0%

(4S5

A



0,0 6,00 16,0 2400 32.0 /0 46,00 460 56.0 6400 72,00 60 M ,00 800 9.0 09i l l e a l l l i l l i l s i l e i l i a l i l l i l i s i 1 1 1 , i s l a i l l i l i . ,1q,.: '11,77",i l l

A WINM

- -pp-

-,0l

400 -

-16,00

-24,00

-3,00-24,00

0,00

01,00-

-400

-- 6

6,00 64,00

00 6,00 66,0 24,00 32,00 46,0 ,00 16,00 64,00 72, 60,00 0 0 %,00 00461

MIT-SR
-F

Figure 7-9: Horizontal settlements (ux) CD=10960 (10/Apr/26), SSM, SSCM & MIT-SR.
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Figure 7-10: Excess pore pressure (pexcess) CD=215 (1 1/Nov/96), SSM, SSCM & MIT-SR.
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Figure 7-11: Excess pore pressure (Pexcess) CD=2140 (17/Feb/02), SSM, SSCM & MIT-SR.
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Figure 7-12: Excess pore pressure (Pexcess) CD=2417 (20/Nov/02), SSM, SSCM & MIT-SR.
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Figure 7-13: Excess pore pressure (pexcess) CD=10960 (10/Apr/26), SSM, SSCM & MIT-SR.
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Figure 7-14: Active pore pressure (pactive) CD=215 (11/Nov/96), SSM, SSCM & MIT-SR.
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Figure 7-15: Active pore pressure (pactive) CD=2140 (17/Feb/02), SSM, SSCM & MIT-SR.
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Figure 7-16: Active pore pressure (pactive) CD=2417 (20/Nov/02), SSM, SSCM & MIT-SR.
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Figure 7-17: Active pore pressure (pactive) CD=10960 (10/Apr/26), SSM, SSCM & MIT-SR.
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7.2. APPENDIX B: MARINA BAY AREA PROJECTS

7.2.1. Arup (2014) & Mott MacDonald (2015)

Table 7-22: Digitized effective vertical stress and preconsolidation pressure (Arup, 2014).

Layer EL O'v a'p OCR OCRavg

I-1 [mRLI [kPa] [kPa] [-] 1-]

91.0 5.2 45.2 8.72

91.4 7.9 47.9 6.05

85.0 12.5 52.5 4.20

90.5 14.3 54.3 3.79

90.6 19.2 59.2 3.08

87.7 23.8 63.8 2.68

90.6 25.0 65.0 2.60

90.3 25.3 65.3 2.58

86.3 31.7 71.7 2.26 2.40

84.4 33.2 73.2 2.20

87.0 36.3 76.3 2.10

90.6 37.5 77.5 2.07
UMC

87.0 37.8 77.8 2.06

87.0 39.0 79.0 2.02

85.0 43.6 83.6 1.92

84.0 44.2 84.2 1.90

87.0 45.7 85.7 1.87
1.85

84.8 48.8 88.8 1.82

85.0 50.3 90.3 1.80

84.6 50.3 90.3 1.80

83.3 56.7 96.7 1.71

84.0 58.2 98.2 1.69

81.8 75.3 115.3 1.53 1.60

78.1 81.7 121.7 1.49

Table 7-23: Digitized undrained shear strength of F2 (Arup, 2014) and calculated OCR values.

SU [kPaJ 102 97 94 84 73 70 65 54 50

EL ImRLI 82.9 82.1 81.4 82 82.1 83.2 81.8 80.6 80.9

a'v [kPa] 64 72 78 73 71 62 74 85 82

OCR [-] 11.8 9.7 8.4 7.9 6.8 7.7 5.6 3.8 3.6
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Layer EL O'v a'p OCR OCRavg

[-1 [mRL] [kPaI [kPa] [-I I-I

81.8 87.8 127.8 1.46

80.6 94.5 134.5 1.42

74.4 95.1 135.1 1.42 1.40

75.9 99.1 139.1 1.40

75.9 100.6 140.6 1.40

75.9 107.3 147.3 1.37

73.0 107.9 147.9 1.37

77.4 108.5 148.5 1.37 1.35

78.8 113.1 153.1 1.35

78.0 114.6 154.6 1.35

73.0 120.7 160.7 1.33
LMC

75.9 121.0 161.0 1.33

73.0 125.9 165.9 1.32 1.30

74.4 132.3 172.3 1.30

72.9 136.3 176.3 1.29

71.4 145.7 185.7 1.27

72.9 146.4 186.4 1.27

72.2 149.4 189.4 1.27

68.4 157.3 197.3 1.25 1.25

66.3 158.9 198.9 1.25

68.5 173.8 213.8 1.23

59.7 183.2 223.2 1.22



7.2.2. Choi (1982)

Table 7-24: CRS tests information (Choi, 1982).

SC-15 SC-16 SC-17 SC-18

s [%/hr] 0.45% e [%/hr] 0.25% e [%/hr] 0.18% e [%/hr] 0.13%

eo 2.015 eo 1.963 eo 2.000 eo 2.056

a'v e a'v e a'v e O'v e

IpsfI [-I [psfl [-1 Ipsfl [-1 Ipsfl [-1

51 2.015 52 1.962 68 1.995 39 2.053

98 2.013 89 1.962 137 1.994 70 2.051

175 2.010 150 1.957 172 1.993 130 2.048

256 2.006 247 1.954 406 1.975 229 2.037

385 2.001 357 1.948 616 1.961 322 2.017

484 1.994 521 1.939 837 1.952 774 1.966

579 1.989 624 1.934 1210 1.928 1041 1.927

689 1.981 848 1.923 1616 1.904 1325 1.888

845 1.974 1237 1.909 1964 1.878 1501 1.867

1020 1.966 1481 1.896 2186 1.839 1712 1.840

1281 1.950 1773 1.878 2286 1.813 2077 1.796

1646 1.932 2136 1.848 2524 1.772 2331 1.762

2113 1.902 2472 1.805 2717 1.709 2496 1.736

2447 1.868 2567 1.783 3141 1.656 2888 1.687

2661 1.837 2662 1.747 3238 1.644 3188 1.644

2779 1.791 2828 1.717 4288 1.517 3544 1.595

2999 1.757 3312 1.629 5394 1.436 3943 1.552

3285 1.717 3796 1.567 6083 1.367 4633 1.499

3595 1.668 4483 1.486 7091 1.316 6187 1.381

3812 1.616 5599 1.410 19259 1.017 7265 1.323

4474 1.551 7427 1.304 - - 10920 1.203

4823 1.509 10243 1.193 - - 15908 1.086

5529 1.448 13095 1.115 - - - -

6296 1.399 20942 0.983 - - - -

6901 1.366 - - - - - -

7506 1.335 - - - - - -
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9964 1.238 - - - - - -

11434 1.187 - - - - - -

14967 1.110 - - - - -

20680 1.019 - - - - - -

Table 7-25: SC-12 test, creep stage at 1000psf (Choi, 1982).

Time Ae e E '

Imins] [-I [-I [-I [-] [1/hr]
0 0.000 1.909 0.00002 - -

1 0.000 1.909 -0.00015 - -

1 -0.001 1.910 -0.00036 - -

2 -0.002 1.910 -0.00052 - -

4 -0.002 1.911 -0.00073 - -

9 -0.002 1.911 -0.00076 - -

16 -0.002 1.911 -0.00084 - -

32 -0.003 1.911 -0.00087 0.000000 0.00012

64 -0.002 1.911 -0.00086 0.000013 0.000025
104 -0.002 1.911 -0.00085 0.000023 0.000014

170 -0.002 1.911 -0.00084 0.000032 0.000009
287 -0.002 1.911 -0.00083 0.000042 0.000005
427 -0.003 1.911 -0.00087 0.000005 0.000016
714 -0.001 1.910 -0.00050 0.000373 0.000077
1576 -0.001 1.910 -0.00048 0.000388 0.000001
3280 -0.001 1.910 -0.00029 0.000581 0.000007
5985 -0.001 1.909 -0.00023 0.000637 0.000001
9430 -0.001 1.909 -0.00018 0.000690 0.000001

Table 7-26: SC-12 test, creep stage at 2000psf (Choi, 1982).

Time Ae e e
Imins] [-I [-] [-I [-I [1/hrl

0 0.000 1.783 -0.00006 - -

1 0.000 1.784 -0.00014 - -

1 -0.001 1.784 -0.00021 - -

2 -0.001 1.784 -0.00042 - -

4 -0.002 1.785 -0.00063 0.000000 0.005636

224

8486 1.295



9 -0.001 1.785 -0.00052 0.000114 0.001548

17 -0.001 1.785 -0.00050 0.000133 0.000147

33 -0.001 1.785 -0.00048 0.000154 0.000076
68 0.000 1.784 -0.00013 0.000503 0.000590
138 0.001 1.782 0.00041 0.001038 0.000460

241 0.002 1.781 0.00084 0.001474 0.000254

380 0.004 1.779 0.00137 0.002002 0.000228
779 0.008 1.776 0.00270 0.003330 0.000200

1553 0.013 1.770 0.00463 0.005264 0.000150
3280 0.019 1.764 0.00689 0.007527 0.000079
6730 0.025 1.758 0.00916 0.009788 0.000039
10298 0.030 1.753 0.01076 0.011388 0.000027
11924 0.032 1.751 0.01155 0.012185 0.000029

Table 7-27: SC-12 test, creep stage at 4000psf (Choi, 1982).

Time Ae e E E'

Imins] [-I [-I [-] [-] [1/hr]

0 0.000 1.433 -0.00007 - -

1 -0.001 1.433 -0.00026 - -

1 -0.001 1.433 -0.00044 - -

2 -0.002 1.434 -0.00068 - -

4 -0.002 1.434 -0.00086 - -

8 -0.003 1.435 -0.00105 0.000000 0.003006

16 -0.002 1.435 -0.00097 0.000076 0.000571
31 -0.002 1.435 -0.00095 0.000099 0.000090

72 -0.002 1.434 -0.00077 0.000283 0.000269

122 -0.001 1.433 -0.00044 0.000614 0.000397

239 0.000 1.432 0.00016 0.001209 0.000306

409 0.002 1.430 0.00096 0.002008 0.000282

680 0.005 1.428 0.00191 0.002962 0.000211

1383 0.008 1.424 0.00345 0.004495 0.000131

2898 0.012 1.420 0.00514 0.006185 0.000067

4410 0.015 1.417 0.00630 0.007344 0.000046

7122 0.018 1.415 0.00720 0.008245 0.000020

10087 0.019 1.413 0.00799 0.009038 0.000016

14484 0.022 1.410 0.00904 0.010091 0.000014

Table 7-28: SC-12 test, creep stage at 8000psf (Choi, 1982).

Time Ae e E'
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Imins] [-I 1-I [-I I-I [1/hr
0 0.000 1.189 -0.00008 - -
0 -0.001 1.189 -0.00028 - -
1 -0.001 1.190 -0.00049 - -
2 -0.002 1.190 -0.00075 - -
7 -0.002 1.191 -0.00105 - -

13 -0.002 1.191 -0.00114 0.000000 0.000893
26 -0.002 1.191 -0.00094 0.000199 0.000938

50 -0.002 1.191 -0.00092 0.000225 0.000062
103 -0.001 1.190 -0.00054 0.000599 0.000428

159 -0.001 1.190 -0.00041 0.000731 0.000141

302 0.000 1.188 0.00019 0.001333 0.000254

507 0.003 1.186 0.00120 0.002336 0.000293
1139 0.006 1.183 0.00279 0.003928 0.000151

2448 0.009 1.179 0.00426 0.005403 0.000068

3563 0.011 1.178 0.00503 0.006169 0.000041

5972 0.014 1.174 0.00655 0.007692 0.000038

7973 0.016 1.173 0.00708 0.008223 0.000016
12118 0.017 1.171 0.00791 0.009049 0.000012

Table 7-29: SC-13 test, creep stage at 1000psf (Choi,

Time Ae e E E E

[mins] [-1 [-1 [-1 [-1 [1/hr]
0 -0.001 1.910 -0.00025 - -
1 -0.002 1.911 -0.00059 - -
1 -0.003 1.913 -0.00116 - -

2 -0.005 1.914 -0.00164 - -

4 -0.006 1.916 -0.00207 - -
9 -0.007 1.916 -0.00237 - -
16 -0.007 1.917 -0.00254 - -

32 -0.008 1.917 -0.00261 - -

63 -0.008 1.917 -0.00269 0.000000 0.000152

162 -0.008 1.917 -0.00262 0.000063 0.000038
275 -0.008 1.917 -0.00266 0.000029 0.000018

421 -0.008 1.917 -0.00265 0.000037 0.000003

724 -0.008 1.917 -0.00264 0.000047 0.000002

1553 -0.007 1.917 -0.00249 0.000196 0.000011
3329 -0.007 1.917 -0.00243 0.000256 0.000002

6074 -0.007 1.916 -0.00229 0.000401 0.000003

9430 -0.006 1.916 -0.00223 0.000454 0.000001

12832 -0.006 1.915 -0.00205 0.000639 0.000003
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Table 7-30: SC-13 test, creep stage at 2000psf (Choi, 1982).

Time Ae e E E '

[mins] [-I [-1 [-I [-I [1/hrl

0 -0.001 1.714 -0.00026 - -

1 -0.001 1.715 -0.00047 - -

1 -0.002 1.716 -0.00088 - -

2 -0.004 1.717 -0.00134 - -

4 -0.005 1.718 -0.00175 - -

9 -0.005 1.719 -0.00197 - -

16 -0.006 1.719 -0.00204 - -

33 -0.006 1.719 -0.00216 0.000000 0.000434

66 -0.005 1.719 -0.00195 0.000213 0.000387
132 -0.005 1.719 -0.00183 0.000330 0.000107

238 -0.005 1.718 -0.00167 0.000492 0.000092

369 -0.004 1.717 -0.00142 0.000745 0.000116

757 -0.002 1.716 -0.00087 0.001294 0.000085

1530 -0.001 1.714 -0.00023 0.001938 0.000050

3233 0.001 1.712 0.00042 0.002584 0.000023

6347 0.004 1.710 0.00140 0.003562 0.000019

12461 0.006 1.707 0.00228 0.004444 0.000009

Table 7-31: SC- 13 test, creep stage at 4000psf (Choi, 1982).

Time Ae e E E '

Imins] [-i [-I [-] [-I [1/hrl

0 -0.001 1.371 -0.00039 - -

1 -0.002 1.372 -0.00074 - -

1 -0.003 1.373 -0.00125 - -

2 -0.004 1.375 -0.00187 - -

4 -0.006 1.376 -0.00233 - -

8 -0.007 1.377 -0.00294 - -

15 -0.007 1.377 -0.00308 - -

31 -0.008 1.378 -0.00322 0.000000 0.000509

68 -0.008 1.378 -0.00319 0.000027 0.000044

121 -0.008 1.378 -0.00322 -0.000006 0.000037

241 -0.007 1.377 -0.00309 0.000125 0.000065

415 -0.008 1.378 -0.00318 0.000037 0.000030

671 -0.007 1.377 -0.00290 0.000320 0.000066

1393 -0.006 1.376 -0.00261 0.000613 0.000024
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2932 -0.005 1.376 -0.00231 0.000906 0.000011

7029 -0.004 1.374 -0.00148 0.001737 0.000012

14999 -0.002 1.372 -0.00081 0.002405 0.000005

Table 7-32: SC-13 test, creep stage at 8000psf (Choi, 1982)

Time Ae e E
Imins] [-I 1- [-I [-] [1/hr]

0 -0.001 1.136 -0.00038 - -

0 -0.001 1.137 -0.00059 - -
1 -0.003 1.138 -0.00121 - -

2 -0.004 1.140 -0.00196 - -

7 -0.007 1.142 -0.00321 - -
12 -0.007 1.143 -0.00336 - -
25 -0.008 1.143 -0.00357 - -

50 -0.007 1.143 -0.00349 - -

100 -0.008 1.143 -0.00358 0.000000 0.000111

155 -0.007 1.143 -0.00350 0.000076 0.000083
308 -0.007 1.143 -0.00330 0.000280 0.000080

529 -0.007 1.142 -0.00316 0.000420 0.000038

1179 -0.006 1.141 -0.00265 0.000925 0.000047

2478 -0.005 1.140 -0.00227 0.001309 0.000018

3672 -0.004 1.140 -0.00202 0.001562 0.000013

6380 -0.003 1.139 -0.00152 0.002057 0.000011

8533 -0.003 1.138 -0.00127 0.002306 0.000007

10932 -0.002 1.138 -0.00115 0.002434 0.000003

Table 7-33: SC-14 test, creep stage at I000psf (Choi, 1982).

Time Ae e E ' E

Iminsi [-I [-I [-] [-] [1/hrl

0 -0.002 1.915 -0.00065 - -

1 -0.003 1.916 -0.00108 - -
1 -0.005 1.919 -0.00178 - -

2 -0.007 1.921 -0.00253 - -

4 -0.010 1.923 -0.00340 - -

8 -0.012 1.925 -0.00406 - -

16 -0.012 1.926 -0.00423 - -

32 -0.013 1.926 -0.00448 - -

60 -0.013 1.927 -0.00456 - -

153 -0.013 1.927 -0.00463 0.000000 0.000046

267 -0.013 1.927 -0.00457 0.000055 0.000029
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403 -0.013 1.927 -0.00452 0.000108 0.000023

714 -0.013 1.927 -0.00455 0.000074 0.000006

1530 -0.013 1.926 -0.00445 0.000178 0.000008

3233 -0.013 1.926 -0.00439 0.000237 0.000002

6074 -0.013 1.926 -0.00433 0.000294 0.000001

12461 -0.012 1.925 -0.00414 0.000486 0.000002

Table 7-34: SC-14 test, creep stage at 2000psf (Choi, 1982).

Time Ae e e '

[mins] [-] [-I [-] [-I [1/hrl

0 -0.001 1.686 -0.00036 - -

1 -0.002 1.687 -0.00087 - -

1 -0.004 1.688 -0.00138 - -

2 -0.005 1.690 -0.00203 - -

4 -0.007 1.692 -0.00269 - -

9 -0.008 1.693 -0.00315 - -

16 -0.009 1.694 -0.00342 - -

32 -0.009 1.694 -0.00345 - -

66 -0.009 1.694 -0.00352 0.000000 0.000131

125 -0.009 1.694 -0.00345 0.000068 0.000070

218 -0.009 1.694 -0.00339 0.000134 0.000043

358 -0.009 1.694 -0.00337 0.000150 0.000007

746 -0.008 1.693 -0.00311 0.000415 0.000041

1530 -0.008 1.692 -0.00289 0.000631 0.000017

3093 -0.007 1.692 -0.00258 0.000943 0.000012

6163 -0.006 1.691 -0.00227 0.001255 0.000006

10761 -0.005 1.690 -0.00181 0.001708 0.000006

Table 7-35: SC-14 test, creep stage at 4000psf (Choi, 1982).

Time Ae e E E

Iminsi [-I [-I [-I 1-] [1/hrl
0 -0.001 1.351 -0.00061 - -

1 -0.003 1.352 -0.00107 - -

1 -0.004 1.354 -0.00191 - -

2 -0.007 1.356 -0.00280 - -

4 -0.009 1.358 -0.00369 -

8 -0.011 1.360 -0.00448 -

15 -0.011 1.361 -0.00483 -
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30 -0.012 1.362 -0.00508 - -

61 -0.012 1.362 -0.00505 - -

122 -0.012 1.362 -0.00508 - -

233 -0.012 1.362 -0.00512 - -

412 -0.012 1.362 -0.00526 0.000000 0.000047

667 -0.012 1.362 -0.00519 0.000071 0.000017
1424 -0.012 1.361 -0.00494 0.000313 0.000019
2916 -0.012 1.361 -0.00497 0.000284 0.000001
4519 -0.011 1.361 -0.00480 0.000461 0.000007
7210 -0.011 1.361 -0.00462 0.000639 0.000004

10087 -0.011 1.360 -0.00450 0.000759 0.000002

14524 -0.010 1.360 -0.00422 0.001041 0.000004

Table 7-36: SC-14 test, creep stage at 8000psf (Choi, 1982).

Time Ae e E E

[mins] [-I [-I [-1 t-I [1/hrl
0 -0.002 1.122 -0.00074 - -

0 -0.003 1.123 -0.00137 - -
1 -0.005 1.125 -0.00218 - -

2 -0.006 1.127 -0.00305 - -

7 -0.011 1.131 -0.00514 - -

14 -0.012 1.133 -0.00583 - -

25 -0.012 1.133 -0.00587 - -

51 -0.013 1.133 -0.00602 - -

96 -0.013 1.133 -0.00605 - -

153 -0.013 1.133 -0.00616 - -

305 -0.013 1.134 -0.00625 0.000000 0.000037
531 -0.013 1.133 -0.00611 0.000141 0.000037
1151 -0.013 1.133 -0.00596 0.000290 0.000014

2495 -0.012 1.132 -0.00575 0.000500 0.000009
3647 -0.012 1.132 -0.00567 0.000574 0.000004

6440 -0.011 1.132 -0.00541 0.000835 0.000006
8378 -0.011 1.132 -0.00540 0.000845 0.000000
12610 -0.011 1.132 -0.00533 0.000921 0.000001
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7.2.3. Kiso-Jiban (1978)

Table 7-37: Consolidation test BH8-U4-S3 (Kiso-Jiban, 1978).

Time Ae e E E '

[mins] [-] [-I [-I [-] [1/hr]

0.1 0.000 1.528 0.00000 0.00000 0.000000
0.2 0.003 1.526 0.00100 0.00000 1.187111

0.2 0.004 1.525 0.00141 0.00000 0.250886

0.5 0.006 1.522 0.00250 0.00000 0.264170

1.0 0.011 1.517 0.00427 0.00000 0.206206

2.0 0.016 1.512 0.00647 0.00000 0.133499

4.0 0.025 1.503 0.00978 0.00000 0.099828

8.0 0.037 1.491 0.01457 0.00000 0.071282
15.1 0.052 1.476 0.02061 0.00000 0.051168

30.6 0.067 1.461 0.02644 0.00000 0.022549

61.0 0.080 1.448 0.03182 0.00000 0.010615

120.7 0.093 1.435 0.03669 0.00000 0.004890

242.8 0.102 1.426 0.04044 0.00000 0.001847

488.3 0.110 1.418 0.04339 0.00294 0.000719

1451.1 0.119 1.409 0.04725 0.00681 0.000241

2919.8 0.124 1.404 0.04916 0.00872 0.000078

4528.9 0.128 1.400 0.05053 0.01009 0.000051

5874.7 0.129 1.399 0.05114 0.01070 0.000027

7257.5 0.131 1.397 0.05175 0.01131 0.000026

8966.7 0.131 1.397 0.05199 0.01155 0.000008

10212.3 0.132 1.396 0.05237 0.01193 0.000018

11631.4 0.133 1.395 0.05261 0.01216 0.000010

Table 7-38: Consolidation test BH8-U4-S4 (Kiso-Jiban, 1978).

Time Ae e e

Imins] [-1 [-I [-] [-I [1/hr]
0.1 0.000 1.392 0.00000 0.00000 0.000000

0.2 0.001 1.391 0.00050 0.00000 0.595472

0.3 0.004 1.388 0.00163 0.00000 0.641903

0.5 0.008 1.384 0.00325 0.00000 0.387293

1.0 0.015 1.377 0.00646 0.00000 0.375606

2.0 0.024 1.368 0.01015 0.00000 0.218239

4.1 0.038 1.354 0.01606 0.00000 0.175703

8.1 0.058 1.335 0.02404 0.00000 0.117152

15.3 0.080 1.313 0.03328 0.00000 0.077458
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30.2 0.107 1.285 0.04491 0.00000 0.046818
60.6 0.133 1.259 0.05559 0.00000 0.021059
121.8 0.148 1.245 0.06166 0.00000 0.005956
242.6 0.160 1.232 0.06694 0.00000 0.002619

491.5 0.168 1.224 0.07030 0.00337 0.000812
1452.7 0.181 1.211 0.07576 0.00882 0.000340

2895.6 0.186 1.206 0.07785 0.01092 0.000087

4437.8 0.190 1.202 0.07946 0.01253 0.000063

5819.3 0.191 1.201 0.07995 0.01302 0.000021

7087.3 0.192 1.200 0.08028 0.01334 0.000015

7145.8 0.192 1.200 0.08028 0.01335 0.000000
8919.6 0.194 1.199 0.08093 0.01399 0.000022

10171.9 0.195 1.198 0.08141 0.01447 0.000023

Table 7-39: Consolidation test BH8-U6-S3 (Kiso-Jiban, 1 978).

Time Ae e E

[mins] [-] [-1 [-] [-1 [1/hr]

0.1 0.000 1.166 0.00000 0.00000 0.000000
0.1 0.002 1.164 0.00083 0.00000 1.030413

0.3 0.003 1.163 0.00134 0.00000 0.299938

0.5 0.006 1.159 0.00300 0.00000 0.406942

1.0 0.010 1.155 0.00481 0.00000 0.215955
2.0 0.018 1.148 0.00825 0.00000 0.205590
4.0 0.026 1.140 0.01218 0.00000 0.119050
8.0 0.040 1.126 0.01854 0.00000 0.093929
15.0 0.058 1.108 0.02667 0.00000 0.070471
30.0 0.075 1.090 0.03482 0.00000 0.032510
60.1 0.091 1.075 0.04182 0.00000 0.013963
118.5 0.102 1.064 0.04704 0.00000 0.005368
237.4 0.109 1.057 0.05048 0.00344 0.001735
479.5 0.115 1.051 0.05327 0.00623 0.000691
1422.6 0.124 1.042 0.05738 0.01034 0.000261
2850.4 0.128 1.038 0.05904 0.01199 0.000070

4360.6 0.131 1.035 0.06035 0.01331 0.000052

5711.1 0.132 1.034 0.06085 0.01381 0.000022

7063.8 0.133 1.033 0.06135 0.01430 0.000022

8665.8 0.134 1.032 0.06185 0.01480 0.000019
9957.9 0.135 1.031 0.06234 0.01529 0.000023

11536.7 0.136 1.030 0.06267 0.01563 0.000013
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Table 7-40: Consolidation test BH8-U6-S4 (Kiso-Jiban, 1978).

Time Ae e

[mins] I-I [-I [-I [-I [1/hr
0.1 0.000 1.019 0.00000 0.00000 0.000000
0.2 0.001 1.018 0.00071 0.00000 0.826131
0.3 0.004 1.016 0.00176 0.00000 0.632402
0.5 0.007 1.012 0.00366 0.00000 0.460633
1.0 0.013 1.006 0.00657 0.00000 0.342158
2.0 0.021 0.999 0.01031 0.00000 0.221300
4.1 0.033 0.987 0.01622 0.00000 0.174419
8.2 0.049 0.970 0.02429 0.00000 0.117064
15.3 0.064 0.955 0.03186 0.00000 0.064270
30.6 0.082 0.937 0.04078 0.00000 0.034877
60.8 0.095 0.924 0.04702 0.00000 0.012378
122.0 0.104 0.915 0.05142 0.00000 0.004320
244.8 0.111 0.909 0.05483 0.00341 0.001664
491.3 0.115 0.905 0.05673 0.00531 0.000464
1484.3 0.125 0.894 0.06185 0.01042 0.000309
2978.1 0.129 0.890 0.06409 0.01266 0.000090
4522.7 0.132 0.888 0.06513 0.01370 0.000040
5926.8 0.133 0.886 0.06582 0.01440 0.000030
7333.8 0.134 0.885 0.06634 0.01492 0.000022
9000.9 0.135 0.884 0.06686 0.01544 0.000019
10431.2 0.136 0.884 0.06721 0.01579 0.000015
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