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1.3.

To achieve these two main objectives, the present research will:

Study the mechanism by which soil he rogeneity affects liquefaction potential,
by reproducing and analysii in detail e results of undrained cyclic laboratory
soil tests on non-homogeneous soil samples, by means of finite element
simulations.

Include a series of centrifuge tests (on homogeneous and heterogeneous soil
models) as an important part of t  research in geotechnical earthquake
engineering.

Calibrate and validate a state of the art numerical model based on the results of a
series of centrifuge tests.

Study the liquefaction mechanism in = erogeneous soil using both centrifuge
experiments and numerical modelling.

Provide geotechnical design recommendations for structures on liquefiable
heterogeneous soil deposits, based on the results of a reliability analysis.

Update design guidelines for spectral an lification of seismic ground motion.

Original Contributions

This research has the followir original contributions:

Designing and performing a seri  of original geotechnical centrifuge experiments
for heterogeneous soil deposits subjected to earthquake loading.

Investigating and explainii  the mech. sm by which soil heterogeneity affects

liquefaction potential, by reproducing and analysing in detail the rest s of









Chapter 3 contains a brief description of the finite element computer code
Dynaflow, the numerical model used in this research, and the procedure for estimating
different constitutive parameters of the model.

In this research, three earthquake simn tion geotechnical centrifuge tests were
performed using the centrifuge facilities at C-CORE and Memorial University of
Newfoundland in St. John’s. The dif -ent asp s of centrifuge tests and test results are
discussed in detail in Chapter 4.

The numerical model calibration 1d validation using the results of the centrifuge
tests performed by the author are p ited in Chapter 5. The liquefaction mechanism in
heterogeneous soil is also described in this chapter, from the detailed analysis of i) actual
experimental results and ii) numerical nulation results.

Chapter 6 deals with the parametric s lies using a numerical mod:  validated
by centrifuge experiments with he ogeneous soil. In the first part of this parametric
study (subsection 6.3), tower structures are considered where total settlements and base
rotations are of primary interest. In the secon part (subsection 6.4) of the parametric
study, a frame structure on heterogeneous soil is considered where total and differential
settlements are of primary interest. Summary ai  conclusions are presented in subsection
6.5.

Concluding remarks and recommenda ns for further study are presented in

Chapter 7.
















































column. Use of a rigid box in eartt 1ake simulation centrifuge experiments
induces a series of unwanted seismic waves that are generated by the reflection of
seismic waves at each end wall of the box and are subsequently refle :dt 'k by
the opposite wall. This phenomenon, w ch may induce a behaviour in the model
different from the real field, is partly 2 nuated by placing Duxseal (a relatively
soft material) at each end wall of the box to create absorbing boundaries. Duxseal
has been used in the centrifuge experiments to prevent this seismic wave
reflection from the lateral boundaries of the rigid centrifuge box, thus hclping the
soil deposit to behave like a semi-infinite medium.
The container bottom, where input moti 1 is applied, represents a rather unnatural
geological transition. The bot  m of the model container provides a no fluid flow
boundary condition. Dissipation of EPWP in deep soil might be prolonged
because of this impermeable bottom boundary.
» Nonlinear stress distribution: 1 stress distribution within the model is slightly
nonlinear due to an increasi dius of rotation with the depth of the model,
which results in a variation in the g-level inside the model.
» Scaling and measurement Measuremer and other instrumental errors might
be amplified through adherence to the s  ing relationship.
2.3.4 Geotechnical Centrifuge Modelling of Soil Liquefaction

In the last twenty five years, centrifuge modelling has been widely used in soil
liquefaction studies. The Verification of Liquefaction Analysis by Centrifuge Studies
(VELACS) project, sponsored by the National 1ence Foundation (NSF), was one of the

large research projects in this area. Researchers from various universities and industries
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dry cohesionless soil into the model containe at very low stress (in 1g). It is then
subjer d to a higher acceleration Id (e.g. 70g). The stress increased accordingly
causing high stresses at the base and low stress | the bottom of the model (non-uniform
stress densification). This ultimately increases the density of the soil deposit (larger
increase in higher depth and vice-versa) dur 2 a centrifuge test.

The amount of stress densification depends on the level of vertical effi tive stress
at that location, soil type, and initial relative d¢ ity of the soil. The steps for calculating
stress densification are as follows:

1. Calculate the vertical effective re: (o)) at a location where stress densification
has to be calculated.

2. Calculate  using following relation:

“Z[l+%“'J%ij_QJ 2.10)
e C

max — €min

where e,,.. and e, are the ¢imum :  d minimum void ratio, D,y 1s the initial

relative density at 0 kPa, C is nd s 2ss number that is independent of void

ratio and the value for eight different type of sar : are presented by Park and
Byrne (2004).

3. Calculate new relative density (D,) 1ter stress densification based on the

following relation:

D,=Dm+aJi” @.11)

a

where P, is the atmospheric pressure (1 ) kPa).
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of earthquake ground motion (S "10zuka et al., 2000; Shinozuka, 1998, 2000;
Yamaguchi and Yamazaki, 2000; Deodatis et al., 2000; Popescu et al., 2005b etc).

The fragility curves can be expressed in the form of two-parameter lognormal
distribution functions. The estimation of the two parameters is done by maximum
likelihood method treating each eve of exceeding or not exceeding a certain threshold,
as a realization from a Bernoulli ex] 1iment. ¢ nozuka (1998) proposed this method for

generating fragility curves. The likelihood func Hn is expressed as (Shinozuka, 1998):
N . L
M =[TIF@))r [1- Fla))™™ (2.17)
K=1

where F() represents the f  lity curve for a specific state ¢ damage, a, is the
peak ground acceleration (i.e., load in 1sity) value of the K™ set of acceleration time

histories, y, represent the realizations of e Bernoulli random variable Y, with y, =0
when damage is not exceeded or y, =1 when damage is exceeded under peak ground
acceleration (PGA) equal to a,, and N is the total number of sets of time histories for

which the structure is analysed. Under the lognormal assumption, F(.) takes the following

)

o

analytical form:

F(a)=¢ (2.18)

where a represents the PGA, and ¢.]is ¢ standardized normal distr ution

function. The two parameters p and ¢ (median and lognormal standard deviation) are

estimated satisfying the following ¢ ions:
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3.2. Mathematical Model

The finite element calculations were conducted in terms of effective stresses,
using fully coupled solid-fluid equations and a multi-yield plasticity soil cons utive
model for the treatment of saturated porous media. The coupled field equations for
multiphase media are solved based on an ext: :ion of the Biot formulation (Biot, 1955,
1962) into the nonlinear regime (Prevost, 1989). During deformation, the solid particles
in porous media which form the soil skeleton dergo irreversible motions such as slips
at grain boundaries, creations of voids by parti :s coming out of a packed configuration,
and combinations of such irrevers e motions. When the particulate nature and the
microscopic  origin of the phenomena involved are not explicitly sought
phenomenological equations then provide an adequate description of e behaviour of the
various phases which form the soil medium. In multiphase theories, the conceptual model
is thus one in which each phase (or constitue:  enters through its averaged properties,
obtained as if the particles were ¢ :ared out 1 space. In other words, the particulate
n. re of the constituents is described in terms of phenomenological | vs as the
particulates behave collectively as a continuum. Soil is thus viewed herein as consisting
of a solid skeleton interacting with the pore fl ds (Popescu et al., . 06). The dynamic

response is obtained from the followii  coupled equations (Prcvost, 2002):
pat=V.o"-(1-n")-Vp" —&-(v'-v*)+p’b (3.1)

"
L dv

o p“'(vs—v"')-va—n"'Vp“' +& -(v‘\'—v“')+ p"b (3.2)

where the motion of the solid  ase is used as the reference motion. In equations

(3.1) and (3.2). " = solid (effective)  :ss, = = solid acceleration, v$ (v*) is the solid
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Table 3.2 (cont.): Correlations for the multi-yield plasticity model parameters

P(.)pescu and

n=0.7 Nevada sand (fine) Prevost
Power (1993)
exponent Conventional value for | Popescu
n=04...06
(n) >hessionless soils (1995)
Belloti et al.
n=0.65....0.75 Ticino sand
(1€
$=17.6+11.0log L
Pa Kulhawy and
_ . R? =0.64 and SD =2.8"
where ¢, is the cone penetrati Mayne (1990)
resistance
Robertson and
p= tan"'[O. 1+ 0.3810gq—.‘} - Campani a
o-vO
Friction (1983)
anele at NAVFAC
& Chart: ¢ = f(Dr) Fine sand
failure (¢) (1982)
0.34
4= tan" N..
12.2+203 7
D, Cohessionless soil Schmertmann
where Nspr is the standard Depth >1....2m (1975)

penetration test resistance, 6y’ 1S

the initial effective vertical stress

75
























































































































Based on the detailed analysis of centrifuge test results, this study provided an
explanation of two important behaviours. (a) From the study it is concluded that, although
the average relative density of heterogeneous soil deposit was higher than that in
homogeneous soil, liquefaction resistance was lower in heterogeneous soil 1an that in
homogeneous soil. (b) The higher EPWP ratio g erated in the free field compared to that
below the structure showed that the presence  structure is causing higher liquefaction

resistance in the soil.
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{ ough loose sand pockets. The r build-up of EPWP and reduction in average
mobilized soil strength ultimately cause more damage (in terms of settlemer  to the
structure on heterogeneous soil as ‘mpared to homogeneous soil.

Finally, it should be mentioned that the heterogeneous soil  =posits
exemplified here exhibit large, st len variations in relative density from one location
to another, unlike natural soil deposits where those variations are g  ual. Therefore,
the results of this study may o -emphasize the effects of soil heterogeneity on
liquefaction potential of spatially variable  Is. However, as most laboratory soil
testing procedures use uniform soil  nples for assessing the liquefaction potential,
their results may well be under-conservativ  when applied to natural soil deposits

exhibiting inherent spatial variability of their ~ operties.
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Table 5.1: Experimental and numeri  resul >f cyclic undrained triaxial tests on

uniform and layered soil samples (for cyclic  ess ratio CSR=0.166)

Type of soil Number of c?cles to liquefaction (N )
sample Experiment Finite element analysis
Uniform sand 150 180

Uniform silt 190 98

Silt layer in sand
42 56
sample
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values for total settlements and rotations exceeding certain threshold levels are tabulated
in Table 6.4 and 6.5 respectively. Fragility curves from where those Arias Intensity
values estimated are shown in the Appendix-A. From the fragility curves it can be
concluded that a structure situated on variable soil and subjected to type-3 input motion is
the most vulnerable case among all the cases st lied here.

How might these curves be useful for design? Suppose, for illustration purposes,
that the Arias Intensity corresponding to the design earthquake is Im/s, and that type-1
acceleration is warranted by deeper il strata. Let’s also assume that a limiting value for
settlements is 20cm and the limiting value of ase rotation is 0.4°. A certa degree of
damage to the structure is possible v zn any of those limits are exceeded. Therefore, the
Type-I combined damage curve (' ire 6.13b) in be used to calculate the probability of
damage. From the damage curve for uniform soil and type-1 input acceleration, the
probability of exceeding either limit is 17%. As soil properties in natural soil deposits
randomly vary from one point to another, a fragility curve accounting for this aspect
should be considered. For the degree of soil va bility assumed in this study, 1e damage

probability for the same structure re: s about 69%.

6.4. Frame Structure on Heterogene 1s Soil

6.4.1. General

The last part of this study focuses on tl reliability analysis of a frame structure
resting on heterogeneous soil. The Monte Carl simulation methodology is used for this

purpose. Two different aspects of respons¢ are studied here. First, the spectral
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structure  showed that the presence of a structure causes a higher
liquefaction resistance in the so

After analysing the numerical 4 experimental results (in Chapter 5), it
was concluded that e EPWP 1s generated in the loose sand pockets first.
Next, due to the pressure gradient created between loose and dense sand
zones in the heterogeneous soil, water migrates from loose to dense soil
zones. This ultimately results in softening of the dense sand by reducing
the effective stress, due to the build-up of EPWP.

A structure placed on hete zencous soil may experience larger
differential settlements and base rotations than one placed on a
homogeneous soil deposit with  uivalent (average) properties. Overall, it
can be concluded that soil variability adversely affects the seismic
performance of the structure.

From the Monte Carlo simulat  results it was concluded that both the
spatial variability of soil properties and the frequency content of the
seismic motion have a major role in the structural response.

Based on a limited number sample functions from Monte Carlo
simulation, an equiv nt uniform relative density was suggested for the
heterogeneous soil in Chapter 6 (Section 6.4.6.3). Depending on the result
of maximum total settleme  at the left footing of the structure, it was
concluded that for a )il with CV of q, =0.2, 90% of average relative
density of the heterc :neous sc is found to be conservative enough to

rcpresent hetert  :neous soil. For CV of q, =0.5, 70% of average relative













soil. Effectiveness of various mitigation methods (e.g. stone co  mn,
dynamic compaction, vibroflc on ctc) in heterogencous soil can be

studied in more detail using the calibrated and validated numerical model

and centrifuge tests.
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