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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a na-
tional center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National Sci-
ence Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this
end, the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal Emer-
gency Management Agency (FEMA), other state governments, academic institutions,
foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems. The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112). The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106). These studies were conducted to:

* assess the seismic vulnerability of highway systems, structures, and components;

e develop concepts for retrofitting vulnerable highway structures and components;

e developimproved designand analysis methodologies for bridges, tunnels, and retain-
ing structures, which include consideration of soil-structure interaction mechanisms
and their influence on structural response; and

e develop, update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective
of performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems. Specific subjects covered under Project 094 include:

* development of formal loss estimation technologies and methodologies for highway
systems;

e analysis, design, detailing, and retrofitting technologies for special bridges, in-
cluding those with flexible superstructures (e.g., trusses), those supported by steel
tower substructures, and cable-supported bridges (e.g., suspension and cable-stayed
bridges);

* seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

* soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

The report presents the results of an experimental and analytical study of the soil-structure
response of pile groups subjected to liqguefaction induced lateral spreading. The first section of
the report presents the experimental results and analyses of six centrifuge tests that were con-
ducted to investigate the effects of soil permeability on the response of pile foundations subjected
to lateral spreading. In the centrifuge models simulating liquefiable coarse sand layer, the piles
bounced back after a couple of cycles of shaking; however in models that simulate a liquefiable
fine sand layer, the piles never bounced back, reaching maximum displacements and bending
moments as large as six times those measured in the models simulating liquefiable coarse sand
layer. In the models with lower soil permeability, the results and analyses indicate that nega-
tive excess pore pressures developed close to the foundations stiffened the soil, increasing the
effective area subjected to the liquefied soil pressure, hence explaining the large bending mo-
ments measured. The second part of the report presents experimental results and analyses of
four centrifuge tests that were conducted to study the reinforcing or pinning effect pile groups
have on reducing lateral spreading. An analysis approach developed in this study proved to be
very useful in understanding the reinforcement effect pile groups have on liquefaction induced
lateral spreading.
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ABSTRACT

Earthquake-induced lateral spreading of sloping ground and near waterfronts continues to be a
major cause of damage to deep foundations. Currently there is a huge uncertainty associated with
the maximum lateral pressures and forces applied by the liquefied soil to deep foundations.
Furthermore, recent centrifuge and 1g shaking table tests of pile foundations indicate that the
permeability of the liquefied sand is an extremely important and poorly understood factor. The
first part of this work presents experimental results and analyses of six centrifuge tests that were
conducted at the 150 g-ton RPI centrifuge to investigate the effect of soil permeability in the
response of single piles and pile groups to lateral spreading. In the models that simulate a
liquefiable coarse sand layer (saturated with water), the piles bounced back after a couple of
cycles of shaking; however in the models that simulate a liquefiable fine sand layer (saturated
with viscous fluid), the piles never bounced back, reaching maximum displacements and bending
moments as large as 6 times the ones measured in the models saturated with water. In the models
with lower soil permeability (saturated with viscous fluid) the results and analyses indicate that
negative excess pore pressures developed close to the foundations stiffened the soil, increasing
the effective area subjected to the liquefied soil pressure, explaining hence the large bending
moments.

The vulnerability of highway bridges to earthquake-induced ground failures arising from
liquefaction has been clearly demonstrated by the extensive damage observed in past
earthquakes, particularly when a nonliquefied soil layer rides on top of the liquefied soil.
Liquefaction induced lateral spreading may be reduced by the restraining forces provided by pile
group foundations. This reduction in lateral displacement in fact reduces the loads and
displacement demands that are imposed on the piles. The second part of this work presents
experimental results and analyses of four centrifuge tests that were conducted also at the RPI
centrifuge to study the reinforcing or pinning effect the pile groups have on the lateral spreading.
An analysis approach developed in this study proved to be very useful to understand the
reinforcement effect pile groups have in liquefaction induced lateral spreading and to give a good
estimation, at least in centrifuge modeling, of the expected pile group deformations.
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CHAPTER 1
INTRODUCTION

1.1 Earthquakes and Soil Liquefaction

Earthquakes have occurred for millions of years and will continue in the future. Some will occur
in remote areas with negligible damage, while others will occur near densely populated areas. It
does not seem possible to prevent earthquakes from occurring, but it is possible and necessary to
mitigate their effects (Kramer, 1996).

A very important seismic hazard is liquefaction, a phenomenon in which the strength and
stiffness of a saturated cohesionless soil is reduced by earthquake shaking or other rapid loading.
During an earthquake, the cyclic shear waves that propagate upward from the bedrock induce a
tendency for a loose to medium-dense sand layer to decrease in volume. If undrained conditions
during an earthquake are assumed, an increase in pore water pressure and resulting decrease in
the effective confining stress is required to keep the sand at constant volume.

Liquefaction and related phenomena have been responsible for large amounts of damage in
historical earthquakes around the world. Some of them are the 1964 Niigata earthquake (Japan),
the 1964 Anchorage earthquake (USA), the 1985 Loma Prieta earthquake (USA), the 1994
Northridge earthquake (USA), the 1995 Kobe earthquake (Japan), the 1999 Kocaeli earthquake
(Turkey), and the 1999 Chi-Chi earthquake (Taiwan). Since liquefaction occurs in saturated
soils, its effects are most commonly observed near rivers, lakes, bays, and oceans. Ports, bridges,
buried pipes, and buildings near the shore are usually affected by this phenomenon.

1.1.1 Evaluation of Liquefaction Potential

The current state of practice for the evaluation of liquefaction potential depends on empirical
correlations of in-situ measurements of soil density, strength or stiffness (SPT, CPT, V), versus
field experience of liquefaction at shallow depth, supplemented by laboratory data of the
behavior of saturated sand elements under undrained cyclic loading (Steedman et al., 2000).
This approach, known as the simplified procedure (Seed et al., 1985; Youd et al., 2001), has been
a standard of engineering practice for evaluating soil liquefaction over the past 25 years. This
method is part of a more general approach known as the “cyclic stress approach”. Seed and Lee
(1966) defined initial liquefaction as the time of the cyclic loading at which the increase in pore
pressure becomes equal to the initial effective confining pressure (r, = 100%), and hence the
effective stress is zero.

The basic concept behind this approach was born in the 1960’s from cyclic undrained laboratory
tests. However, by the 1980’s the simplified procedure had become mainly an empirical
correlation between field observations of liquefaction and soil standard penetration resistance



(SPT) measured in the field, supplemented by laboratory tests (Seed at al., 1985). The field
evidence of liquefaction generally consisted of superficial observations of sand boils, ground
fissures or lateral spreads. Data were collected mostly from sites on level or mildly sloping
terrains at shallow depths (<15 m). Currently, the simplified procedure has evolved in two
different directions (Youd et al., 2001): (i) it allows the use of other field tests in addition to SPT
(CPT, BPT and Vs), and (ii) it relies exclusively or almost exclusively on empirical correlations,
with laboratory tests playing a very small role.

In order to estimate the liquefaction potential, the earthquake-induced loading, expressed in
terms of cyclic shear stress, is compared with the liquefaction resistance of the soil, also
expressed in term of cyclic shear stress. If the loading exceeds the resistance, liquefaction is
expected to occur.

1.1.2 Ground Failure Resulting from Soil Liquefaction

If liquefaction potential is identified, an assessment must focus on the mode and magnitude of
the ground failures that may result. The National Research Council (1985) lists eight types of
failure commonly associated with soil liquefaction in earthquakes:

e Sand boils, which usually result in subsidence and relative minor damage.
e Flow failures of slopes involving very large downslope movements of a soil mass.
e Lateral spreads resulting from the lateral displacement of gently sloping ground.

e Ground oscillation where liquefaction of a soil deposit beneath a level site leads to back
and forth movements of intact blocks of surface soil.

e Loss of bearing capacity causing foundation failure.
e Buoyant rise of buried structures such as tanks.
e Ground settlement, often associated with some other failure mechanism.

e Failure of retaining walls due to increase lateral loads from liquefaction backfill soil or
loss of support from liquefied foundation soils.

The nature and severity of liquefaction damage is a function of the reduced shear strength and
the magnitude of the static shear loads supported by the soil deposit (Ishihara et al., 1991).
Castro (1987) classifies the possible consequences of liquefaction, as shown in Table 1.1, based
on the relative magnitude of static driving shear stresses that may be present due to a surface
slope or a foundation bearing load.



Table 1.1: Classification of soil liquefaction consequences (after Castro, 1987)

In situ stress condition

Soil behavior

Typical field observation

No driving shear stress

Volume decrease

Pore pressure increase

Ground settlement

Sand boils from surface fissures

Driving shear greater than

residual strength

Loss of stability

Liquefaction

Flow slides
Sinking of heavy buildings

Floating of light structures

Driving shear less than

residual strength

Limited shear distortion

Soil mass remains stable

Slumping of slopes

Settlement of buildings

Lateral spreading

For situations in which the post-liquefaction strengths are judged to be less than the static driving
shear stresses, deformations and displacements can be expected to be “large”, generally greater
than 1 m. Figure 1.1 shows examples of global site instability corresponding to situations
wherein post-liquefaction strengths are less than gravity-induced driving shear stresses (Seed et
al., 2003). However, if the driving shear stress is less than the shear strength of the liquefied soil,
only limited shear deformations are likely to occur. As illustrated in Fig. 1.2, liquefaction-
induced lateral spreading are generally observed close to open faces, or in gently sloping ground.
These deformations are usually driven by a combination of transient and static shear stresses and
attributed to the loss of shear strength of underlying saturated soils. According to the National
Research Council (1985): “Damage caused by lateral spreads, though seldom catastrophic, is
severely disruptive and often pervasive... Cumulatively, more damage has been caused by lateral
spreads than by any other form of liquefaction-induced ground failure.”

1.2 Pile Foundations Subjected to Lateral Spreading
1.2.1 Background

Liquefaction-induced lateral spreading of sloping ground and near waterfronts continues to be a
major cause of damage to deep foundations. In the US, Japan, and other countries, buildings,
bridges, and other structures supported by deep foundations have been damaged in many
earthquakes. Permanent lateral ground deformations induce cracking and rupture of piles at both
shallow and deep elevations, rupture of pile connections, and permanent lateral and vertical
movements and rotations of pile heads with corresponding effects on the superstructure
(McCulloch and Bonilla, 1970; Hamada et al., 1986; Mizuno, 1987; Hamada and O’Rourke,



1992; O’Rourke and Hamada, 1992; Youd, 1993; Swan et al., 1996; Ishihara et al., 1996;
Tokimatsu et al., 1996; Yokoyama et al., 1997; Tokimatsu, 1999; Dobry and Abdoun, 2001).

Examination and analysis of case histories have revealed important aspects of pile foundations
response to lateral spreading. While in some cases the top of the foundation displaces laterally a
distance similar to that in the free field, in others it moves much less due to the lateral stiffness of
the foundation and/or constraining effect of the superstructure. The foundation may be exposed
to large lateral soil pressures, including passive pressures from nonliquefied shallow soil layers
riding on top of the liquefied soil. In some cases the soil has failed before the foundation, with
negligible bending distress and very small deformation of the piles and superstructure; while in
others the foundation has failed first, experiencing large permanent deformation and rotation.
The observed damage and cracking to piles is often concentrated at the upper and lower
boundaries of the liquefied soil layer where there is a sudden change in soil properties, or at the
connection with the pile cap. More damage tends to occur to piles when the lateral movement is
forced by a strong nonliquefied shallow soil layer than when the forces acting on them are
limited by the strength of the liquefied soil (Abdoun and Dobry, 2002).

1.2.2 Representative Case Histories

Hamada (1992) summarized the destructive effect of lateral spreading on two bridges during the
1964 Niigata earthquake in Japan, event that caused extensive damage due to soil liquefaction.
Figure 1.3 illustrates the damage to the abutment and piers of the Yachiyo Bridge. The
foundations of the abutments and piers were reinforced concrete piles, 30 cm in diameter and
about 10 m in length. Pier No. 2 broke at the ground surface level, displaying a permanent
deformation of 1.1 m between top and bottom. Once extracted, the piles showed severe damage
at the bottom of the liquefied layer, damage that was clearly caused by the 2-5 m free field
lateral spreading toward the river.

Figure 1.4 shows the collapse of the Showa Bridge during the same earthquake. The lateral
spreading pushed the piers toward the river, causing five simple supported spans to fall. The
bridge was founded on 60 cm diameter steel piles driven through a 10 m layer of loose to
medium sand and 6 m into an underlying layer of dense fine sand. The 10 m layer is believed to
have liquefied from the level of the riverbed down through its full depth (Berrill and Yasuda,
2002). Figure 1.5 illustrates a pile that was extracted after the earthquake, evidencing a
permanent lateral displacement of approximately 1 m and a maximum curvature close to the
transition from loose to medium dense sand.
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Figure 1.1: Schematic examples of liquefaction-induced global site instability and/or
“large” displacement lateral spreading (Seed et al., 2003)
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Figure 1.2: Schematic of a liquefaction induced lateral spread (Rauch, 1997)

The previous examples from the Niigata earthquakes clearly show that critical locations in the
shear and bending response of deep foundations to lateral spreading are the head of the
foundation and close to the bottom of the liquefied layer. Other examples indicate that when a
nonliquefiable layer overlies the liquefied layer, a third critical point is the top of the liquefied
layer. This is illustrated by the sketches in Fig. 1.6 (a)-(e), which summarize the damage on pile
foundations near the waterfront from a number of field investigations after the 1995 Kobe
earthquake (Tokimatsu, 1999).

The importance of the upper and lower boundaries of the liquefied layers is clearly illustrated in
another example of pile damage during the Niigata earthquake. An investigation of piles beneath
the Niigata Family Court House (NFCH) building provided evidence of the damage and regions
of high bending moment in the piles (Yoshida and Hamada, 1991; Hamada et al., 1986; Hamada,
1992). During the earthquake the building slightly tilted due to differential settlements. After
minor repairs, the building was in operation for the next 25 years, until it was reconstructed. At
that time, two piles were excavated for inspection. Pile No. 1 was a floating pile about 6 m long
that terminated within the upper loose sand layer, with SPT N-values in the range of 5 to 8. Pile
No. 2 extended a further 2 m into a denser layer, with N-values of around 20. Horizontal ground
displacements at the site were about 1 m. Figure 1.7 shows sketches of the deformed piles and
soil profile, as well as the SPT profile. The floating pile was damaged a depth of about 2 m, near
the groundwater level which is also the upper boundary of the liquefiable soil. The end-bearing



pile on the other hand, was damaged at both its top and towards the bottom, close to the
boundary between the loose and dense sand, at about 8§ m, presumably marking the bottom of the
liquefied zone (Berrill and Yasuda, 2002). Figure 1.8 shows photographs of the damaged
regions. Clearly, large bending moments developed in the pile near both boundaries between
liquefied and non-liquefied soil.
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Figure 1.3: Schematic of the damage to Yachiyo Bridge in the 1964 Niigata earthquake
(Hamada et al., 1986)

Figure 1.4: Collapse of Showa Bridge during the 1964 Niigata earthquake
(after Iwasaki, 1973)
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Figure 1.5: Schematic of a deformed steel pile extracted from Showa Bridge, after the 1964
Niigata earthquake (after Fukuoka, 1966)
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Figure 1.6: Typical damage pattern on pile foundations subjected to lateral spreading in
the 1995 Kobe earthquake (Tokimatsu, 1999)
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Figure 1.7: Damage to floating and end-bearing piles and standard penetration test, NFCH
building, 1964 Niigata earthquake (Hamada et al., 1986)

Another important lesson of shallow nonliquefied layers riding on top of liquefied soils is
provided by the lateral spreading that occurred at the site of the Landing Road Bridge (Fig. 1.9)
during the 1987 M6.3 Edgecumbe Earthquake. A liquefied 4 m thick loose sand layer moved
about 1.5 to 2 m toward the river, carrying on top a nonliquefied 1.5 m thick clayey silt layer.
That movement was resisted by the five piers of the on-land spans of the bridge, which consisted
on eight 400 mm square raked pre-stressed concrete piles connected by a pile cap and slab pier,
as shown in Fig. 1.10. During the earthquake, soil was mounded up behind the piers in what was
apparently a passive failure. Subsequent trenching (Berrill et al., 1997, 2001) found failure
surfaces and disturbed failure masses of soil confirming the occurrence of passive failure in the
nonliquefied crust as it was driven against the buried piers and pile cap. The passive forces were
estimated from in situ direct shear measurements and found to be very large, about 1.0 MN per
pier. This was of the order of 10 times the estimated drag force exerted on the pile group by the
liquefied sand. Berrill and Yasuda, (2002) concluded that nonliquefied layers can exert very
large forces on piers and piles passing through them. The forces should be estimated from
passive earth-pressure theory, and they may be the dominant lateral forces on the foundation
under lateral spreading. The fact that the Landing Road Bridge did not collapse indicate the very
good performance of the raked pile groups.



(b) (©

Figure 1.8: Photographs of damage piles shown in Fig. 1.7, (a) upper part of Pile No. 2, (b)
lower part of Pile No. 2, and (c) upper part of Pile No. 1, (Hamada, 1992)
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Figure 1.9: The Landing Road Bridge, after the 1987 Edgecumbe earthquake, New
Zealand (Berrill et al., 2002)
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Figure 1.10: Schematic of the raked-pile foundation at the Landing Road Bridge
(Berrill et al., 2002)
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1.2.3 Current Practice in Foundation Analysis under Lateral Spreading

Case histories, as well as 1g shaking table and centrifuge model tests, indicate that the effect of
lateral spreading on piles can be characterized in first approximation as a pseudostatic, kinematic
soil-structure interaction phenomenon, driven by the permanent lateral movement of the ground
in the free field (Dobry, 2004). Various foundation analysis and design methods have been
proposed, where the soil applies static lateral forces to the pile foundation, either (i) as a function
of the relative displacement between the foundation and the free field (p-y approach); or (ii)
depending on the soil strength, taking the maximum possible values of the lateral soil forces
(limit equilibrium method). A third approach (iii) suggested by several Japanese researchers
assumes that the liquefied soil is a viscous fluid and hence the lateral soil static forces are a
function of the relative velocity, rather than the relative displacement between foundation and
free field (Hamada, 1998; Higuchi and Matsuda, 2002).

1.2.4 Engineering and Scientific Uncertainties

Although reasonable methods have been developed to define the shape of p-y curves for
nonliquefied sand, considerable uncertainty remains regarding the appropriate shape and
magnitude of p-y curves in liquefied sand (Rollins et al., 2005). While in some cases, liquefied
sand is assumed to have no lateral resistance, others have recommended to multiply the p value
for the nonliquefied sand by a reduction factor usually between 0.1 and 0.3 (Liu and Dobry 1995;
Wilson 1998). Still others have suggested that the p-y curve for liquefied sand be based on the
curve shape for soft clay (e.g., Matlock, 1970) with the residual shear strength for liquefied sand
being used as the undrained shear strength (Wang and Reese, 1998). Finally, Ashour and Norris
(2003) use an effective stress approach that account for the generation of pore pressure to
generate p—y curves.

Therefore, even though the methods discussed in the previous section have been used frequently
in the engineering practice and extensive research has been conducted, there are still significant
uncertainties associated with the maximum lateral pressures and forces applied by the liquefied
soil, which translates into a similar huge uncertainty in the calculated maximum pile bending
moments. For example, in the Japan Road Association (JRA) method the lateral pressure is
specified as 30% of the total overburden pressure (Fig. 1.11), while Abdoun et al. (2003) have
recommended a constant lateral pressure with depth of 10 kPa. For a range of field conditions
involving single piles (but not necessarily pile groups), the JRA and Abdoun method give similar
results. However, a main source of uncertainty is the area over which this pressure is applied in
the case of pile groups. Yokoyama et al. (1997) suggests that the value of the lateral pressure
must be multiplied for the whole area of the pile group including the soil between the piles,
which for a pile separation of 3d (d = pile diameter) may give a lateral force as much as three
times greater than if the lateral pressure is applied only to the piles.

12
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Figure 1.11: Proposed limit equilibrium design method of bridge pile foundations against
lateral spreading in Japan (Japan Road Association, 1996; Yokoyama, et al., 1997)

Furthermore, recent centrifuge and full-scale 1g shaking table tests of single piles and pile
groups indicate that the permeability of the liquefied sand is an extremely important and poorly
understood factor, with a suggestion that the pile bending moments in silty sands may also be
much greater than in clean sands.

1.3 Evidence on Pore Pressure Decrease and Soil Stiffening near Piles Subjected to Lateral
Spreading

This section examines existing evidence on pore pressure decrease and stiffening of liquefied
soil near piles and other buried objects during centrifuge tests, full-scale shaking table tests,
small-scale tests, and field test.

1.3.1 Centrifuge Tests

Evidence on pore pressure decrease and stiffening of liquefied soil near piles at large relative
displacements has been observed by other researchers in centrifuge tests. However, in the
experiments discussed below, the decrease in pore pressure and soil stiffening have been a
transient rather than a sustained phenomenon.

A series of centrifuge tests were carried out at the University of California in Davis to study the
dynamic response of pile foundations in liquefying sand during seismic loading (Wilson et al.,
2000). The models simulated a single-pile-supported structure, as shown in Fig. 1.12. The level
soil profile consisted of a 9.1 m thick liquefiable layer on top of a 11.4 m thick dense sand layer.
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The relative density of the top layer was 35% in model Csp2 and 55% in model Csp3. Both
models were saturated with a pore fluid having 10 times the viscosity of water, in order to
improve the simultaneous scaling of consolidation and dynamic processes. The models were
spun up to a centrifugal acceleration of 30g and excited each by two different excitations.

» acceleration = pOre pressure
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Figure 1.12: Typical partial model layout of centrifuge models Csp2 and Csp3
(Wilson et al., 2000)

The records exhibited a transient decrease in pore pressure close to the piles, with this tendency
being more pronounced in model Csp3 than in model Csp2. The back-calculated p-y curves
indicated that the soil resistance in the loose sand was much smaller than in the medium dense
sand (Csp3). In model Csp3 the p-y behavior stiffened with increasing displacement when
relative displacements approached or exceeded past values, especially near the surface (Fig.
1.13). Wilson and collaborators attributed this behavior to nearly undrained loading conditions
and the tendency for the soil to dilate under these loading conditions (i.e., large enough strains to
move the sand through a phase transformation). In medium dense sand, the p-y relationship
progressively softened during shaking as excess pore pressures, strains, and number of load
cycles increased.
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Figure 1.13: P-y curve behavior during shaking, model Csp3 (Wilson et al., 2002)

At the University of Cambridge in the UK, another series of centrifuge tests were carried out by
Haigh and Madabhushi (2002) to study the single pile response to lateral spreading. The model
corresponding to test SKH-14 simulated a single pile embedded on an inclined liquefiable soil
layer on top of a nonliquefiable layer, as shown in Fig. 1.14. Pore pressure transducers were
placed next to the upslope and downslope sides of the pile, as well as in the free-field. Once the
model was saturated with viscous fluid (silicone oil) and spun up to a centrifugal acceleration of
50g, it was excited by a sinusoidal acceleration at the base. The records showed that the 5 m
thick loose sand layer liquefied after about one cycle of excitation. The pile did not bounce back,
reaching a maximum bending moment at the base of the liquefied layer of approximately 200
kN-m. Since the moment distribution was almost linear with depth, Haigh and Madabhushi
suggested that the predominant lateral loading was coming from a non-liquefied surface layer
generated by the g-field curvature.
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Figure 1.14: Setup and instrumentation used in centrifuge test SKH-14 (Haigh and
Madabhushi, 2002)

Figure 1.15 shows the excess pore pressures measured at a depth of 3 m on the upslope and
downslope side of the pile, as well as in the free field. The records exhibit large negative spikes
next to the pile, with these spikes being larger on the downslope side of the pile. Haigh and
Madabhushi indicated that this difference caused a net downslope hydrodynamic force acting on
the pile. They concluded that while much of the load on the pile was coming by a non-liquefied
crust, significant loading was also applied by the net hydrodynamic force.

1.3.2 Full-Scale Shaking Table Tests

Decrease in pore pressure near piles has also been observed by other researchers in full-scale
shaking table tests during shaking, in single pile and pile group tests. Following the same trend
observed in some of the centrifuge tests discussed above, the decrease in pore pressure has
tended to be a transient rather than a sustained phenomenon.

A full-scale 1g shaking table test (Test No.1) was conducted in 2003 at the NIED shaking table
in Tsukuba, Japan (Sato et al., 2004, unpublished). The NIED shaking table was at that time the
largest shaking table (and largest soil laminar box container: 12 m in length, 3.5 m in width, and
6 m in height) in the world. The setup consisted in a water-saturated coarse sand, including a 6 m
long single pile and a 2x2 pile group, as illustrated in Fig. 1.16. The slightly inclined laminar box
was subjected to base excitation to induce lateral spreading. This test was part of a US-Japan
project funded by NSF, involving cooperation from RPI to conduct parallel centrifuge tests using
the same Japanese sand.
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Figure 1.15: Excess pore pressure time histories measured near pile at 3m depth (Haigh
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Figure 1.16: Setup and instrumentation of 6 m full-scale Test No.1 of single pile and 2x2
pile group subjected to lateral spreading using inclined laminar box, NIED, Japan
(Sato et al., 2004, unpublished)
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The soil displaced gradually during the excitation, reaching a maximum deformation on the
ground surface of 27 cm. Figure 1.17 shows the free field deformation profile of the upstream
side of the laminar box after the test. The single pile reached a maximum head displacement of
10 cm and a maximum bending moment at the base of 125 kN-m during the excitation, bouncing
back afterwards. Pore pressure transducers were placed very close to the piles, as shown in Fig.
1.16. Negative excess pore pressure developed close to the single pile near the surface; however,
it was smaller and dissipated during shaking, explaining the pile bouncing back.

On the other hand, one of the centrifuge models conducted at RPI as part of this US-Japan
project was saturated with viscous fluid, trying to simulate as close as possible Test No.l at
NIED. Since the model was spun up to a centrifugal acceleration of 35g, the viscosity of the pore
fluid was 35 times the viscosity of water, in order to satisfy strictly the permeability scaling
relationship. The pile displaced gradually reaching a maximum displacement of 35 cm and
bending moment of 350 kN-m at the end of the excitation, without ever bouncing back. Using
the same Japanese coarse sand, the centrifuge model was repeated using water as pore fluid. In
this case the pile bounced back during shaking, reaching a maximum bending moment of
approximately 50 kN-m. Figure 1.18 compares the maximum bending moment profiles measured
in Test No.I and in the two centrifuge tests (Ubilla, 2004, unpublished). The results evidence the
important effect of soil permeability in pile foundation response subjected to lateral spreading,
exposing a “gap” in earthquake engineering knowledge.

In a different study, Suzuki and Tokimatsu (2004) investigated the effect of pore water pressure
reduction around a pile on the p-y behavior during liquefaction. Three large 1g-shaking table
tests were conducted in the NIED shaking table using different soil densities. The level soil
profile included a top 0.5 m thick dry sand layer, a 3 m thick liquefiable sand layer and an
underlying 1.5 m thick dense gravelly layer, as shown in Fig. 1.19. The 2x2 pile group consisted
of hollow steel piles fixed to the base of the container, including a mass on top in two of the
tests. Figure 1.20 summarizes the measurements of transient pore pressure reductions near one of
the piles in the pile group. The results show a considerably decrease in pore water pressure
around a pile in dense sand with increasing relative displacement between soil and pile. This
caused an increase in subgrade reaction, making the p-y behavior stress to hardener. The
reduction in pore water pressure was greater on the extension side than on the compression side
of the soil around the pile. The pore water pressure on the extension side decreased due to the
combined effects of extension stress and dilatancy characteristics of the soil induced by the shear
stress developed around the pile, while that on the compression side did not decrease due to the
opposite effects of compression stress and dilatancy characteristics (Suzuki and Tokimatsu,
2004).
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Figure 1.17: Final free field deformation profile of 6 m inclined laminar box after Test
No.1, NIED, Japan (Sato et al., 2004, unpublished)
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Figure 1.18: Maximum bending moment profiles measured in single pile in 1g full-scale
Test No.1 at NIED (water) and centrifuge tests at RPI (water and viscous pore fluid),
(Ubilla, 2004, unpublished)
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NIED, Japan (Suzuki and Tokimatsu, 2004)
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Figure 1.20: Reduction in pore water pressure near piles in pile group during full-scale
shaking table tests at NIED, Japan (Suzuki and Tokimatsu, 2004)
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1.3.3 1-g Small-Scale Tests

Several researchers have found out recently that the resistance of the liquefied soil to the
movement of an object (pile, cylinder, or sphere) increases as the relative velocity of the object
and the soil increases. These results support the theory that the liquefied soil can be modeled as a
viscous fluid (e.g. Dungca et al., 2004; De Alba and Ballestero, 2004; Hwang et al., 2004).

Dungca et al. (2004) conducted small-scaled shaking table tests to study the lateral resistance of
a pile subjected to liquefaction-induced lateral flow, where the pile was modeled as a buried
cylinder. The model setup used in the study is illustrated in Fig. 1.21. An aluminum model
container was used with inner sizes of 450 mm in width, 150 mm in width, and 250 mm in
height. A rubber pressure bag was attached underneath the top cover of the container to apply an
overburden pressure on the surface of the soil. A fluid tank was connected at the bottom of the
box to supply and drain out fluid and to apply a back pressure to the pore fluid of the soil. Once
the model was ready, an horizontal shaking was applied to the container by a mechanical shaker.
During the tests, acceleration of the container, horizontal load and displacement of the cylinder,
and earth pressure and pore fluid pressure around the cylinder were measured. The results
support that the pore fluid migration rate, i.e. the hydraulic conductivity of the soil with respect
to the loading rate, is the crucial factor for mobilization of the lateral resistance of a buried
cylinder in liquefied soil, because there is less time for the pore fluid to come rushing from the
free field to dissipate the negative pore pressures near the object. Figure 1.22 shows the first
loops of the relationship between normalized lateral resistance and normalized displacement of
the cylinder for loading rates of 1 mm/sec, 10 mm/sec and 100 mm/sec. The initial lateral
resistance was negligibly small; however it increased significantly as the loading rate became
higher.

De Alba and Ballestero (2004) carried out a series of tests to prove or disprove if sand behaves as
a Newtonian fluid by observing how spheres move through a liquefied sand of low relative
density. Long triaxial specimens were prepared around a 12.7 mm-diameter sphere loaded by a
wire/deadweight system, as illustrated in Fig. 1.23. Sphere velocities and drag forces were
measured over a large range of shear strains and strain rates, and plotted in Fig. 1.24. The
resistance to motion, which they called “apparent drag,” raised with velocity up to a value of
about 60 cm/sec, then tended to level off and oscillate around a mean value. De Alba and
Ballestero suggest that the residual strength of sand after liquefaction is indeed rate-dependent.
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Figure 1.21: Schematic of model container to study the liquefied soil lateral resistance
against the lateral displacement of a cylinder (Dungca et al., 2004)
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Figure 1.24: Sphere velocity versus apparent drag force in a liquefied sand, test 19
(De Alba and Ballestero, 2004)
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1.3.4 Field Test

Based on the lack of full-scale field tests, Rollins et al. (2005) carried out a full-scale foundation
testing program to develop p-y curves for deep foundations in liquefied sand. This testing
program, known as the Treasure Island liquefaction test (TILT), was located in Treasure Island, a
160 ha manmade island immediately northwest of the rock outcrop on Yerba Buena Island in
San Francisco Bay, California. The lateral load test was performed on a 3x3 full-scale pile group
following a blast-induced liquefaction. The soil profile consists of a 6 m thick layer of loose fine
sand or silty sand, on top of a silty sand and Young Bay Mud. A plan view of the test site during
the pile group testing is shown in Fig. 1.25. Pore pressure transducers were installed around the
pile group to measure the pore pressure response with load and deflection.

Figure 1.26 shows that the pore pressure ratios decreased significantly at shallow depths near
the pile group as the lateral load increased, decrease that was attributed in part to a phase
transformation induced by large shear strains. The records also evidenced that the reduction of
pore pressure decreased with depth and distance from the pile group. The p-y curves in
liquefied sand were characterized by a concave-up shape with the slope of the curve increasing
with displacement. Rollins et al. (2005) concluded that this characteristic concave-up shape
appears to be related to a dilative behavior during shearing.

1.4 Pile Pinning Effect on Liquefaction Induced Lateral Spreading
1.4.1 Background

Of all the components of the surface transportation system, bridges have been shown to be
among the most vulnerable to earthquake damage. About 70 percent of the approximately
600,000 highway bridges in the U.S. were constructed prior to 1971, with little or no
consideration given to seismic resistance (MCEER Highway Project 094, 2000). In fact, the
vulnerability of highway bridges to earthquake induced liquefaction related ground failures has
been clearly demonstrated by the extensive damage observed in past earthquakes.

If liquefaction induced lateral spreading is identified as a potential problem in a highway bridge
site, two mitigation methods are normally considered: (i) soil-structure interaction analyses to
determine if the deformation and load capacity of the existing foundation-bridge structure is able
to accommodate the ground deformation demands, and (ii) the use of site remediation techniques
to prevent liquefaction and/or minimize ground displacement demands.
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Figure 1.26: Time histories of total load and excess pore pressure ratios near the ground
surface adjacent to the pile group, Treasure Island Test (Rollins et al.,2005)
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Although ground remediation techniques are often used at bridge sites to mitigate lateral spreads,
further research is needed on mitigation options related to foundation design or retrofit, as
methods of soil improvement are often costly and time-consuming to implement. A number of
case histories and a limited number of analyses have indicated that, with appropriate design,
foundations can accommodate relatively large ground deformation demands from lateral spreads
(Martin, 2000).

Damage modes associated with lateral ground deformation demands on bridges include: (i)
lateral deformation of abutments and piers arising from liquefaction induced flow failures or
lateral spreads, leading to substructure pile damage and potential span collapse, and (ii)
liquefaction induced differential settlement causing potential span collapse.

Whereas the evaluation of the mode and magnitude of liquefaction induced lateral ground
deformations involves considerable uncertainty, the current state of practice utilizes the
Newmark sliding block approach on an assumed dominant failure plane within the liquefied
zone. The approach requires initial pseudo-static stability analyses to determine the critical
surface of failure and associated yield acceleration (Fig. 1.27), and a design earthquake time
history representative of ground motions at the base of the sliding mass usually assumed at the
base of the liquefied layers (Martin, 2000).

The Newmark method has been used to study earthquake induced slope displacements in dams
and natural slopes. However, the approach for lateral spreading involves a number of
assumptions like: (i) the time during the earthquake at which liquefaction is triggered, (ii) the
magnitude of the shear strength of the liquefied soil, and (iii) the influence of the thickness of
liquefied soil on displacement.

Once the geometry of the failure and magnitude of the liquefaction induced lateral deformation
are estimated, an assessment should be made to see if the foundation is able to withstand the
displacement demands and the superstructure can accommodate those deformations. The
magnitude of moments and shear induced in the piles may be computed with a p-y curve
approach, using the estimated displacement field.

1.4.2 Pile Pinning Approach

A refinement of the above approach is to consider the reinforcing or pinning effects the piles or
pile group have on the lateral stability, by representing the pile shear forces at the location of the
failure plane as an equivalent shear strength in the calculation of yield accelerations used in the
Newmark analyses. This becomes an iterative approach as shear forces are a function of
displacements which in turn are reduced as shear forces increase. Analysis methods that account
for this "pile pinning" interaction effect can reduce the expected foundation loads to values
significantly smaller than those estimated without consideration of this pile pinning effect
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(Boulanger et al., 2005). Design methods that account for this compatibility in displacement
between the pile foundation and the abutment soils have been used in practice (Perez-Cobo and
Abghari, 1996; Law, 2000; Zha, 2004) and incorporated in the NCHRP 472 recommended
specifications for seismic design of bridges (Transportation Research Board, 2002; Martin et al.,
2002).

These design methods, as summarized by Boulanger et al. (2005), consist of the following three
primary steps.

1. Estimate the abutment displacement for a range of restraining forces from the piles and
bridge superstructure. This step involves performing a slope stability analysis to estimate
the yield acceleration, followed by a Newmark sliding block analysis to estimate the
abutment displacement.

2. Estimate the expected restraining force exerted on the abutment by the piles and bridge
superstructure for a range of imposed abutment displacements. This step involves either a
pseudo-static pile pushover analysis or some simpler approximation to determine the pile
restraining forces or pushover curve.

3. Determine the compatible displacement and interaction force between the abutment and
the piles/bridge based on the intersection of the relations established in steps 1 and 2

above.
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Figure 1.27: Pseudo-static stability analysis, Newmark approach (Martin et al., 2002)
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If the forces and displacements on the foundation and superstructure are acceptable, the design is
complete. If not, additional piles can be included in the analysis, not necessarily connected to the
foundation (passive piles) or the cap.

1.4.3 Previous Centrifuge Modeling of Pile Pinning Effect

Since the design methods for pile pinning effects had not previously been evaluated or validated
against physical data, Boulanger et al. (2005) conducted a centrifuge test at UC Davis to evaluate
this analysis method. Figure 1.28 illustrates the setup of the centrifuge model. The prototype soil
profile consisted of a 4.8 m thick loose Nevada sand layer on top of a dense Nevada sand layer,
including thin layers of non-plastic silt located above and below the loose sand layer. The two
abutments were constructed of coarse Monterey sand, with the crest sloping slightly toward the
channels. The water table was at the top of the upper silt layer. The foundation consisted of a row
of six 0.72 m diameter piles, driven along the head of one abutment. At a centrifugal acceleration
of 60g, the model was excited by a single earthquake motion. The lateral displacement at the
head of the abutment slopes was approximately 1.6 m for the abutment without piles and
approximately 1.2 m for the abutment with piles.

First, a slope stability analyses was carried out to determine the yield acceleration for the
abutment. The critical failure surface, as shown in Fig. 1.29, was found to shift when the pile
restraining force exceeded a certain level. The results indicated that the yield acceleration, for a
given level of pile restraining force, was much smaller when the failure surface was allowed to
change. The abutment displacements were then computed using Newmark sliding block analysis
with different amount of pile restraining force, with this force assumed to be constant through the
excitation, as is assumed in existing design methods (e.g., Zha, 2004; Martin et al., 2002). On the
other side, a pseudo-static pushover analysis of the piles was done using p-y curves based on the
American Petroleum Institute recommendations.

Unfortunately, the solution from the compatibility of displacements between the abutment and
piles predicted a much smaller pile displacement than the measured one. The following
modifications to these pile pinning analysis methods were introduced and subsequently shown to
result in reasonable agreement between computed and observed pile displacements.

e Take into account the increase in critical slide mass with increasing pile pinning force.

e Consider the equivalent constant restraining force from the piles as the average
restraining force that would develop as the displacement increases from zero to its final
value.

e The tributary mass of the abutment should include a portion of the side slope masses, and
not just the mass of the soils behind the crest width.
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e Consider the reduction in pile fixity above or below the liquefied layer that can occur due
to internal abutment deformations or shear strains in the underlying strata.

The dynamic interactions between pile foundations and laterally spreading ground are only
crudely approximated by the combination of a Newmark analysis for the abutment and a static
(pushover) analysis for the piles. Nonetheless, these simplified analyses do provide a first-order
approximation of the pile pinning effect, and can be useful for design purposes provided that the
uncertainties in the input parameters and analysis method are reasonably accounted for

(Boulanger et al., 2005).
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1.5 Scope of Research
1.5.1 Effect of permeability on pile response to lateral spreading

The first part of this work focus on the effect of soil permeability on the response of pile
foundations subjected to lateral spreading. Six centrifuge tests were conducted at the 150g-ton
RPI centrifuge described in chapter 2. The corresponding six models, tested in a large laminar
box, simulate a mild infinite slope with a 6 m thick loose sand layer on top of a 2 m thick
cemented sand layer. Three models consisting of a single pile, a 3x1 pile group, and a 2x2 pile
group were tested using water as pore fluid. Since in centrifuge modeling of liquefaction there is
a conflict with the consolidation and dynamic processes, these models consolidated much faster
than desired, hence simulating a loose layer of coarse sand. These models were then repeated,
using the same fine Nevada sand, but saturated this time with a viscous fluid (metulose), hence
simulating a loose layer of fine sand. As a result, these models simulate deposits of wide
different permeability in the field.

Table 1.2: Testing properties of first series of centrifuge models (permeability effect)

Model Pile #of  |# of instrument. Pile cap # of | Fh.lid
configuration | piles piles layers | viscosity (L)

Ix1-w single pile 1 1 no 2 1

Ix1-v single pile 1 1 no 2 42
3xI-w | B3x1)+1 4 3 in3xl 2 1
3x1-v Bx1)+1 4 3 in3x1 2 40
2x2-w 2x2 4 2 yes 2 1
2x2-v 2x2 4 2 yes 2 38

The specific objectives of this study to be accomplished through centrifuge modeling,
corresponding data interpretation and comparisons, and analytical analyses are:

1. Study the soil-pile interaction in a two-layer soil profile during liquefaction induced
lateral spreading, for single pile and pile groups, in particular pile displacement and
bending moments.

2. Study the effect of soil permeability in the development of negative excess pore pressures
close to the foundations during lateral spreading.
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3. Study the effect of soil permeability in the pattern of soil deformation around the
foundations to find out if the lateral pressure acts only on the foundation or also in the
soil in between in the case of pile groups.

4. Conduct a limit equilibrium analysis to estimate the liquefied soil pressure acting on the
single piles and pile groups, as well as the fixation provided by the bottom cemented
layer.

5. Conduct p-y curves analyses on the single pile to back-calculate the profiles of liquefied
soil pressure at different times.

1.5.2 Effect of pile pinning on lateral spreading

The second part of this work focus on the effect of passive piles or pin piles in restricting the
amount of lateral spreading. Four centrifuge tests were conducted at the 150g-ton RPI centrifuge.
The centrifuge models, conducted on a slightly inclined laminar box subjected to in-flight base
shaking, simulate the case when a nonliquefied crust rides on top of a liquefied sand layer. The
prototype profiles consist of a 3 m thick layer of liquefiable Nevada sand on top and below a 3 m
thick slightly cemented sand layer. The first centrifuge test (Model p-0) did not include piles and
was the benchmark experiment to simulate lateral spreading in the free field. Using a similar
setup, the other centrifuge tests simulated the response of a 3x2, 6x2, and 3x1 pile group
respectively. The pile groups were connected by a cap and embedded in the three layer soil
profile. In this type of soil profiles, the load applied to the foundations is essentially controlled
by the top nonliquefiable layer, with the pressure of the liquefied soil being negligible.
Therefore, the models were saturated with water instead of viscous pore fluid.

Table 1.3: Testing properties of second series of centrifuge models (pinning effect)

Pile #of  |# of instrument.| _. # of Fluid
Model ) ) i Pile cap ) )
configuration | piles piles layers | viscosity (L)
p-0 No foundation 0 0 _ 3 1
p-3x2 3x2 6 2 yes 3 1
p-6x2 6x2 12 3 yes 3 1
p-3x1 3x1 3 2 yes 3 1

The specific objectives of this study to be accomplished through centrifuge modeling,
corresponding data interpretation and comparisons, and analytical analyses are:
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1. Study the soil-pile interaction in a three-layer soil profile during liquefaction induced
lateral spreading, for single pile and pile groups, in particular pile displacement and
bending moments profiles.

2. Study the reinforcing effect that pile foundations have on liquefaction induced lateral
spreading.

3. Help establish general guidelines of use of pile pinning as ground remediation technique.

4. Try to modify the current Newmark approach, by including pin pile shear forces at the
location of the failure plane as equivalent shear strength; or develop a simple method to
estimate the pinning effect on the reduction of lateral deformation.

1.6 Report Organization

This report contains 9 chapters plus a list of references. A review of relevant previous research
and a brief overview of the research conducted in this study as well as the objectives have
already been presented in this chapter.

Chapter 2 describes the geotechnical centrifuge facility at RPI, with emphasis on the equipment
used in this research, like the in-flight 1-D large shaker and the 1-D large laminar box.
Descriptions of the upgraded data acquisition system and sensors, as well as the construction
process and calibration of the instrumented piles used in the centrifuge tests are also presented.
This chapter also presents properties of the sand (Nevada sand) and slightly cemented sand used
in the centrifuge experiments.

Chapters 3, 4 and 5 present experimental results and data interpretation of the six centrifuge tests
of Table 1.2, conducted to investigate the effect of soil permeability in the response of single
piles and pile groups subjected to liquefaction induced lateral spreading. Three models consisting
of different pile configurations were tested using water as the pore fluid, simulating a loose layer
of coarse sand. These models were then repeated, using the same fine sand, but saturated with a
viscous fluid (metulose), hence simulating a loose layer of fine sand. Consequently, these
centrifuge tests simulated deposits of wide different permeability in the field.

Chapter 3 presents the results of Models 1x1-w and 1x1-v, corresponding to a single pile,
saturated with water and viscous fluid respectively. This chapter also describes in detail the
preparation steps to build these and the rest of the centrifuge models. A p-y curve and limit
equilibrium analysis, as well as comparison of results obtained in both tests are presented as well
in this chapter. Chapter 4 presents the results of Models 3x1-w and 3x1-v, corresponding to a
3x1 pile group plus a single pile, saturated with water and viscous fluid respectively. A limit
equilibrium analysis and comparison of results obtained in both tests are also included in this
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chapter. Chapter 5 presents the results of Models 2x2-w and 2x2-v, corresponding to a 2x2 pile
group, saturated with water and viscous fluid respectively. A limit equilibrium analyses and
comparison of results obtained in both tests are also included in this chapter.

Chapter 6 summarizes and compares the results of all six centrifuge tests of Table 1.2, discussing
the trends and highlighting the huge effect of soil permeability in pile foundation response to
lateral spreading.

Chapter 7 presents experimental results and data interpretation of the four centrifuge tests listed
in Table 1.3, conducted to study the reinforcing or pinning effect the pile groups have on the
lateral spreading, analyzing the case when a nonliquefied crust rides on top of a liquefied sand
layer. The first centrifuge test (Model p-0) did not include piles and was the benchmark
experiment to simulate lateral spreading in the free field. Using a similar setup, Models p-3x2, p-
6x2, and p-3x1 simulated the response of a 3x2, 6x2, and 3x1 pile group respectively.

Chapter 8 summarizes and compares the results of all four centrifuge tests of Table 1.3,
including a practical analysis approach to estimate the pinning effect on the amount of lateral
deformation.

Chapter 9 presents conclusions obtained in this study, engineering recommendations and
suggestions for future research.
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CHAPTER 2
RPI CENTRIFUGE FACILITY

2.1 Concept of Centrifuge Modeling

Geotechnical centrifuge modeling of earthquake problems was introduced in the U.S. in the early
1970s. Since about 1980 there has been a rapid development of interest worldwide in centrifuge
modeling of earthquake problems. A number of centrifuge centers in different countries around
the world have acquired the capability of earthquake centrifuge modeling, as the geotechnical
centrifuge offers the ability to create fairly realistic full-scale stress states with uniform and
measurable soil properties. Centrifuge modeling is considered a cost-effective method for
modeling and predicting the properties and behavior of soil deposits.

Centrifuge modeling is useful for studying phenomena in which the earth's gravity has a
dominant influence in the material properties. In general the properties of earth materials are
dependent on the gravitational stresses, and hence centrifuge modeling is especially useful for
systems including soils.

The main principle in centrifuge modeling is that a 1/N model subjected to a centrifugal
acceleration of Ng will be subjected to the same stresses at comparable points in the model and
in the prototype, where N is the scaling factor and g is the acceleration of gravity (Fig. 2.1).
Arulandan et al. (1988) stated that using the same soil in the prototype and in the model will
preserve the stress-strain relation at equivalent points. A list of centrifuge scaling relations is
given in Table 2.1 (Taylor, 1995). More scaling relationships governing different geotechnical
problems can be developed by dimensional analysis.

In centrifuge modeling of liquefaction, which involves relative particle-fluid motion, the time
scaling relations present a problem. The dynamic time to generate liquefaction is scaled by 1/N,
while the diffusion time of pore pressure dissipation is scaled by 1/N*. A unique time scale for
dynamic shaking and pore pressure dissipation can be achieved either by increasing the viscosity
of the pore fluid, or by reducing the soil particle size (Steedman and Ledbetter, 1994). Increasing
the viscosity of the pore fluid is typically achieved by using silicon oil, a glycerin/water mix,
metulose, or another viscous fluid.

It is always desirable to verify the centrifuge scaling laws by comparison with full scale systems.
Since monitoring full scale structures is difficult and/or expensive, the “modeling-of-models”
concept has evolved as an alternative to verify centrifuge modeling procedures. A series of
models of the same prototype can be tested at different centrifuge accelerations and compare
directly the results at the same prototype units.
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Figure 2.1: Centrifuge physical modeling concept (after Pamuk, 2004)
2.2 RPI Geotechnical Centrifuge

The RPI centrifuge was manufactured in 1989 by Acutronic, in France, and was the first of its
type (Model 665-1). It belongs to a line of Acutronic Machines (about a dozen exist) all of which
have the same basic mechanical structure. The extremely simplified structure of these machines
was a noteworthy safety feature.

In year 2000 the centrifuge at RPI was selected as one of the experimental sites of the Network
for Earthquake Engineering Simulation (NEES). In the first phase, which ended in September
2004, the RPI centrifuge was upgraded and networked to the rest of the NEES network. After the
upgrade, the geotechnical facility consists of: a) centrifuge room, b) two model preparation
rooms, c) storage area, d) computer servers area, €) control & teleparticipation room, f) robot
area, g) electronics development area, h) computer laboratory, and 1) teleconference room. Figure
2.2 shows the geotechnical facility’s layout.
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Table 2.1: Scaling relations for centrifuge modeling (Taylor, 1995)

Parameter Centrifuge Full scale .
(model units) (prototype units)
Length I/N 1
Area 1/N? 1
Moment of inertia /N 1
Stress 1 1
Strain 1 1
Displacement I/N 1
Area 1/N? 1
Volume 1/N? 1
Density 1 1
Mass 1/N? 1
Force 1/N? 1
Time (dynamic event) 1/N 1
Time (diffusion event) 1/N? 1
Acceleration N 1
Frequency N 1
Energy /N 1
Velocity N 1
Elastic modulus, E 1 1
Flexural rigidity, EI /N 1

The upgraded 150 g-ton centrifuge consist of: a) swinging basket, b) centrifuge boom, c)
balancing counter weight, d) hydraulic rotary joint and electronic slip-ring assembly, e) drive
system, f) aerodynamic enclosure, and g) in-flight balancing system. Figure 2.3 shows a picture
and schematic of RPI geotechnical centrifuge. The performance envelope of a centrifuge
indicates the allowable levels of acceleration as a function of payload mass. For the RPI
centrifuge, the limits are 160 g, 1.5 Ton, and 150 g-ton. Table 2.2 summarizes some of the
characteristics, like in-flight radius of 3.0 m and usable payload dimensions of 100 cm in depth,
length and width. The centrifuge is equipped with a fiber optic rotary joint, 28 slip rings and
wireless network, which are available to the user for data transmission. A hydraulic rotary joint
is also installed with a total of 6 joint passages, two of which can hold 3,000 psi hydraulic oil.
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Figure 2.2: RPI geotechnical facility’s layout

The upgraded earthquake engineering centrifuge capability also included: a) 2-D in-flight shaker
with two horizontal components, b) 2-D laminar box container, c¢) centrifuge in-flight robot and
associated software, d) 128-channel data acquisition system with Internet capability, e) client-
server data acquisition/control software, including server software for web-based teleobservation
and teleoperation of centrifuge experiments from locations outside RPI, f) advanced and
improved sensors, g) high-speed cameras and image processing software, and h) additional box
containers, sensors, etc., to increase the number of centrifuge models that can be constructed
simultaneously. The four degrees of freedom robot is capable of performing in flight operations
such as construction and excavation, pile driving, ground remediation, cone penetration, and
static and cyclic loading test without stopping the centrifuge.

This new equipment allows the users to: a) perform more realistic in flight earthquake
simulations, b) conduct a number of operations in flight in a more realistic manner without
having to stop the centrifuge, and ¢) monitor tests more closely and produce more and better data
sets, providing a higher resolution picture of model response. The use of advanced sensors and
high-speed cameras will provide high resolution of model response and will be especially useful
for test visualization, system identification and numerical simulations.
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Figure 2.3: RPI geotechnical centrifuge, (a) picture, (b) schematic
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Table 2.2: RPI centrifuge specifications

Centrifuge platform

Length 100 cm

Width 100 cm

Radius from centrifuge axis to platform 300 cm
Radius from centrifuge axis to pivot point 200 cm

Load

Nominal maximum platform payload mass 1500 kg
Nominal maximun mass of soil in a model 800 kg

Speed

Maximum speed for nominal maximum payload mass 265 rpm
Time required to slow from maximum to zero speed 10 min

Time required to increase from zero to maximum speed 10 min

More information on the NEES earthquake simulation and networking capabilities at RPI
centrifuge can be found at Zeghal et al., 2000. The following sections present detailed
information on the equipments, data acquisition system, sensors, instruments, and soil material
used in this research.

2.3 In-Flight 1-D Large Shaker

Generating earthquake-like shaking on a model in flight on a centrifuge requires a power source
or actuator. This equipment has to be able to operate under high centrifugal forces and provide
high peak power at high frequencies. This requirement for high frequency excitation arises from
the scaling of time for dynamic events. Dominant frequencies of typical earthquakes may range
between 0.2 Hz and 5 Hz. At a centrifugal acceleration of 100 g the actuator has to be able to
generate controllable motion at frequencies as high as 500 Hz.

The RPI large shaker used in this study is the ES-18 shaker, designed to provide one-dimensional
base input motion for centrifuge models of up to 400 kg (Van Laak, 1996). This centrifuge
shaker is an electro-hydraulic servo-controlled device, which is the second simulator built for the
RPI centrifuge. Figure 2.4a shows the basic layout of this shaker. The overall width of the ES-18
1s 0.9 m, able to accommodate a model container width of 0.45 m. This shaker can be
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disassembled into 4 main parts: a) the slip table, b) the left and right hydraulic manifolds with
attached actuators, and c) the central bearings support assembly.

Shaking force is produced by two TEAM Integrated Hydroshakers, which are double acting high
performance servo-hydraulic actuators. They are configured to act in parallel, with each actuator
producing a maximum force of 40 kN when supplied with 3000-psi hydraulic oil. Electronic
control of the shaker is accomplished by a displacement closed loop feedback system. An LVDT
displacement transducer is mounted internally for measuring the relative displacement between
the actuator piston and housing, providing accurate measurements over the frequency range 0-
1000 Hz. This shaker accepts either standard input signals from a function generator or arbitrary
input signals generated by a computer. The technical specifications of the ES-18 shaker are
outlined in Table 2.3. Figure 2.4b presents the frequency response magnitude of the in-flight
shaker without payload. This frequency response characteristic must be taken into account when
preparing an excitation signal. More detailed information about this shaker is presented by Van
Laak (1996).

2.4 1-D Large Laminar Box
2.4.1 Design Philosophy

A state-of-the-art rectangular laminar container was built at RPI in 2002 for improved modeling
of earthquake phenomena in soil. This box was design to accommodate a wide range of cyclic
and permanent lateral deformations occurring in the soil model. Whitman and Lambe (1986)
stated that a laminar container can simulate the shear beam conditions in the soil during vertical
shear wave propagation. Such a container must be relatively weightless, perfectly flexible in the
longitudinal direction, rigid in the transversal direction, dissipates no energy, and has enough
friction with the soil and enough vertical strength in the confining walls to provide the necessary
complementary shear stresses. If the mass of the laminar box is similar to the contained soil
mass, the inertia forces of the box will influence the model deformation. The container should
also maintain a constant horizontal cross section during the test to prevent undesirable horizontal
normal straining of the soil. Thin rings are used in order to increase flexibility and accommodate
possible shear strain concentrations. As the main use of the laminar box at RPI is modeling
liquefaction and lateral spreading, it was design to allow large lateral displacements.
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Figure 2.4: RPI 1-D large shaker, (a) schematic, (b) frequency response (Van Laak, 1996)
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Table 2.3: RPI 1-D large shaker technical specifications (Van Laak, 1996)

Max. payload 400 kg

Available length 90 cm

Available width 45 cm

Available height 50 cm

Peak slip table displacement * 12 mm

Peak slip table velocity + 750 mm/sec

Peak slip table acceleration +22¢g

Max. actuation force 10 ton

Frequency bandwidth 0-600 Hz

Operating range Up to 120 g centrifuge acceleration

2.4.2 1-D Large Laminar Box Description

The 1-D large laminar box used in this research (Fig. 2.5) consists of a stack of up to 38
rectangular rings separated by linear roller bearings, arranged to permit relative movement
between rings in the longitudinal direction with minimal friction. The 86 rollers that separate two
adjacent rings are properly aligned and spaced by bearing cages. A plan view of an individual
ring showing the dimensions and arrangement of the roller bearings is presented in Fig. 2.6a. A
cross-section of the laminar box is shown in Fig. 2.6b. A clamp fitted is placed on top of the
stack to prevent uplifting of the rings during shaking. The box, made of high strength aluminum
alloy, weight about 80 kg and has internal dimensions of 35.5 cm in width, 71 cm in length, and
35.5 cm in height.

The friction coefficient between rings was measured by Taboada (1995) as 0.006 under 8kN
vertical load. The lateral support bars and side rollers (Fig. 2.6b) were design to limit the
horizontal strain in the box to 0.02% for a soil with a lateral stress coefficient Ko = 0.3.
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Figure 2.5: RPI 1-D large laminar box,
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Figure 2.6: RPI 1-D large laminar box, (a) plan view, (b) cross section (after Pamuk, 2004)
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2.5 Data Acquisition System

Data acquisition requires signal conditioning before a computer-based measurement system can
effectively and accurately acquire the signal. The signal conditioning system used in the
centrifuge includes functions such as signal amplification, attenuation, filtering, electrical
isolation, simultaneous sampling, and multiplexing. In addition, many transducers require
excitation currents or voltages, bridge completion, linearization, or high amplification for proper
and accurate operation. This process is done by a SCXI (Signal Conditioning eXtensions for
Instrumen-tation) system, which consists in a rugged chassis that houses shielded signal
conditioning modules. Three SCXI chassis were used for this study, units that were located in a
platform next to the basket, as close as possible to the sensors (Fig. 2.7). Each SCXI chassis has
space for four signal-conditioning modules, which were selected depending on the combination
of sensors that were used in each test. Since each module has 8 analog input channels, the
capability of the system in this case was 96 channels.

Once the analog signal is filtered and amplified, it is converted into digital signal in the Data
AcQuisition device (DAQ) board, which is located in the PXI (PCI eXtensions for
Instrumentation) unit. The PXI unit, located in the center of the centrifuge, consists in a Pentium
III PC, four 6052E DAQ boards, one 6711 analog output board, and one 2562 general purpose
relay switch board. Once the acquisition is triggered, the data is stored in the PC located in the
PXI. Both SCXI and PXI units are manufactured by National Instruments Corporation.

A voltage time history representing the earthquake motion is sent to the shaker through the 6711
analog output board 1 second after the acquisition is triggered. The signal generation and data
acquisition processes are controlled from the control room using a wireless connection. Figure
2.8 shows the state-of-the-art control and teleparticipation room, which comprises four plasma
screen that allow to control and monitor the centrifuge operations and data acquisition process. A
custom made software developed by Bloomy Controls Inc., using LabView (a graphic-based
programming language) was used to control the data acquisition process.
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Figure 2.8: Control and teleparticipation room
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2.6 Sensors used in Centrifuge Models

Transducers and sensors are devices that convert one type of physical phenomenon, such as
temperature, strain, pressure, or light into a measurable unit. The most common transducers
convert physical quantities to electrical quantities, such as voltage or resistance. Figure 2.9
shows a picture of the type of accelerometer, LVDT, and pore pressure transducer used in the
RPI centrifuge.

2.6.1 Accelerometers

Accelerometers Model A353B17/AC from PCB Piezotronics were used for acceleration
measurements. These accelerometers, 8 mm in diameter and 12 mm in length, consist of a known
mass attached to a piezoelectric element. As the accelerometer moves, the mass applies force to
the element and generates a charge. Piezoelectric accelerometers measure the acceleration along
one axis, so proper alignment was needed. Accelerometers are available in two types, passive
and active. Passive accelerometers, similar to the ones currently used in the RPI centrifuge, send
out the charge generated by the piezoelectric element. Since the signal is very small, passive
accelerometers require a charge amplifier to boost the signal and serve as a very high impedance
buffer for the measurement device. Active accelerometers include internal circuitry to convert
the accelerometer charge into a voltage signal, but require a constant current source to drive the
circuitry (National Instruments, 2001a). The specifications of the accelerometer Model
A353B17/AC are shown in Table 2.4.
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Figure 2.9: Sensors used in centrifuge models
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Table 2.4: Accelerometer specifications (after Pamuk, 2004)

Range (for+5 V) S0g
Resolution 0.01g
Sensitivity (nominal) 10 mV/g
Resonant frequency 70 kHz
Frequency range (+ 5%) 1~10000
Linearity 1%

Weight 2 grams
Model PCB A353B17/AC
Manufacturer PCB Piezotronics, Inc

2.6.2 LVDTs

The lateral displacements and the vertical settlements were measured by LVDTs (Linear
Variable Differential Transducer) Model MHR-500 and MHR-1000, manufactured by Schaevitz
Engineering. These types of LVDTs consist of a stationary coil assembly and a movable core.
The coil assembly houses a primary and two secondary windings. The core is a steel rod of high
magnetic permeability, smaller in diameter than the internal bore of the coil assembly; this
contact free configuration eliminates measurement errors due to friction. When an AC excitation
voltage is applied to the primary winding, a voltage is induced in each secondary winding
through the magnetic core. The position of the core determines how strongly the excitation signal
couples to each secondary winding. When the core is in the center, no signal is created. As the
core travels to the left or to the right of center, an output voltage proportional to the displacement
is created (National Instruments, 2001a). The nominal linear ranges of the LVDTs used in this
study were = 12.7 mm and + 25.4 mm.

2.6.3 Pore Pressure Transducers

The pore fluid pressure was measured by pore pressure transducers (PPT) Model PDCR-81,
manufactured by Druck Inc. These sensors are strain gauge type transducers with a full bridge
configuration and a fundamental frequency of 56 kHz. The ceramic porous stone located at the
tip was removed and replaced by a thin and permeable membrane, to ensure fully saturation of
the PPT, particularly in the models saturated with viscous fluid. The transducers used in the
centrifuge models, 6 mm in diameter and 10 mm in length, had ranges of 50 and 100 psi.
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2.6.4 Strain Gages

Strain gages were installed along the surface of some of the model piles to measure the bending
moments and axial forces. These strain gages, type CEA-13-032UW-120 and purchased from
Measurements Group Inc., consist of a very fine foil grid or wire. The electrical resistance of the
grid varies linearly with the strain applied to the device. Since strain measurement requires
detecting relatively small changes in resistance, the Wheatstone bridge circuit is almost always
used. The Wheatstone bridge circuit consists of four resistive elements with a voltage excitation
supply applied to the ends of the bridge. Strain gauges can occupy one (quarter bridge
configuration), two (half bridge configuration), or four arms of the bridge (full bridge
configuration), with any remaining positions filled with fixed resistors. A quarter bridge
configuration can measure both axial and bending strains, while a half bridge configuration can
measure just bending strains. The specifications for this type of strain gages are summarized in
Table 2.5. The next section describes the construction process and calibration of the
instrumented model piles.

2.7 Construction Process and Calibration of Model Piles

In the first series of centrifuge tests, conducted to study the effect of soil permeability on pile
response to lateral spreading, the model piles had to simulate prototype piles with an EI of the
order of 10,000 kN-m”. The material used to build these model piles was Ultem 1000, a polymer
purchased from Quadrant Engineering Plastic Products. This material has been used successfully
in the past at RPI in several centrifuge tests (Abdoun 1997; Wang, 2001; Pamuk, 2004). In the
second series of centrifuge tests, conducted to study the effect of pile pinning on lateral
spreading, the model piles had to simulate very stiff prototype piles with an EI of the order of
90,000 kN-m®. The material used to build these model piles was aluminum.

2.7.1 Construction Process of Model Piles

The construction process for all eight model piles made is illustrated in Fig. 2.10. After each rod
was cut and clean, strain gages were attached along two sides, called sides a and b. Thin wires
were used to connect the strain gages, either in quarter bridge or half bridge configurations (Fig.
2.10a). Afterwards, the thin wires were protected by a shrink tube and connected to telephone
cables (Fig. 2.10b). At this stage the model piles were calibrated to: a) determine the material
stiffness, b) evaluate the linear-elastic behavior of the material, and c¢) verify the strain gages
were properly installed. Once the calibration process was done, the piles were covered with a
thin layer of wax for protection (Fig. 2.10c). Finally, the piles were covered with a soft shrink
tube and sand grains were glued to the sides to develop an adequate pile-soil roughness (Fig.
2.10d).
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Table 2.5: Strain gage specifications (after Pamuk, 2004)

Type Uniaxial

Grid width 1.52 mm
Overall width 3.05 mm
Matrix width 4.8 mm

Gage length 4.57 mm
Overall length 4.57 mm

Gage resistance 120 = 0.3 Ohm
Gage factor 2.1+1.0%
Strain range Max + 5%
Model No. CAE-13-032UW-120
Manufacturer Micro-Measurements, Inc

2.7.2 Calibration of Model Piles Type Ul

The first series of two piles build, called type Ul, were made of Ultem 1000. These piles, 0.95
cm in diameter, were instrumented with 5 pair of strain gages. Fig. 2.11 shows the strain gage
locations and configurations of these two piles (piles #1 and #2), used in Model 2x2-w, 2x2-v,
3x1-w, and 3x1-v.

The piles were first calibrated in bending by applying a known load (weight) on one extreme of
the pile, while the other was perfectly clamped (Fig. 2.12). The strains were measured at both
sides and plotted for three different weights. Fig. 2.12 shows the measured strain versus distance
for pile #2, demonstrating the linear behavior of the material and the good attachment of the
strain gages.

The estimated bending stresses at the location of each pair of strain gage were plotted versus the
measured strain at those locations (Fig. 2.13). The slopes of the fitted lines represent the modulus
of elasticity in bending of piles #1 and #2, with values of 3,958,000 kN/m? and 3,963,000 kN/m”

respectively.
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Table 2.6: Summary of model pile properties

Pile type Ul U2 A
Material Ultem 1000 Ultem 1000 Aluminum
(polyetherimide)| (polyetherimide)
Diameter [cm] 0.95 0.95 0.79
# of pairs of 4 6 9
strain gages
# of pile #1 #2 #1 #2 #1 #2 #3 #4
Modulus of
elasticity in bending | 3,96 3,96 3,84 3,86 69,6 | 69,0 | 69,7 | 69,2
[kN/m’] x 10°
Modulus of
elasticity in axial 3,91 3,98 3,72 3,88 / / / /
[kN/m?] x 10°
2x2-w Ix1-w p-0
Piles used 2x2-v 1x1-v p-3x2
in Models 3x1-w 3x1-w p-6x2
3x1-v 3x1-v p-3x1
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Figure 2.10: Construction process for model piles, (a) strain gages attachment and wiring,
(b) phone cables connection, (¢) wax application, (d) a shrink tube with glued sand covers
the pile
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Pile type U1

pile cap
&
A SG5 L T X
sc4a I
12 Ccm
SCIE R

Strain gage Strain gage Distance h [cm]
# configuration (in model units)
SG1 quarter bridge 3.5
SG2 half bridge 4.5
SG3 quarter bridge 8
SG4 half bridge 12
SG5 quarter bridge 15.5

Figure 2.11: Diagram of model pile type U1l configuration, used in Model 2x2-w and 2x2-v,

and in Model 3x1-w and 3x1-v (3x1 pile group)
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Figure 2.13: Modulus of elasticity (in bending) of model pile #1 and #2, type Ul
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The piles were also tested axially, with the setup shown in Fig. 2.14. The estimated bending
stresses for the three different loads were plotted versus the measured axial strains (Fig. 2.14).
The slopes of the fitted lines represent the modulus of elasticity under axial loading of piles #1
and #2, with values of 3,910,000 kN/m? and 3,980,000 kN/m? respectively. A small offset of the
axial loads seems to have induced small bending strains, causing some scattering. However, by
averaging the values, the modulus of elasticity are in very good agreement with the ones obtain
from the bending test.

2.7.3 Calibration of Model Piles Type U2

The second series of two piles build, called type U2, were made of Ultem 1000. These piles, 0.95
cm in diameter, were instrumented in this case with 6 pair of strain gages. Fig. 2.15 shows the
strain gage locations and configurations of these two piles (piles #1 and #2), used in Model 3x1-
w, 3x1-v, I1x1-w, and 1x1-v.

The piles were first calibrated in bending following the same procedure used for model piles type
Ul (Fig. 2.16). The strains were measured at both sides and plotted for three different weights.
Fig. 2.16 shows the measured strain versus distance for pile #1, demonstrating once again the
linear behavior of the material and the good attachment of the strain gages.

Figure 2.17 shows the estimated bending stresses at the location of each pair of strain gage
versus the measured strain at those locations. The slopes of the fitted lines represent the modulus
of elasticity in bending of piles #1 and #2, with values of 3,840,000 kN/m” and 3,860,000 kN/m*
respectively.

The piles were also tested axially, with the setup shown in Fig. 2.18. The estimated bending
stresses for the three different loads were plotted versus the measured axial strains (Fig. 2.18).
The slopes of the fitted lines represent the modulus of elasticity under axial loading of piles #1
and #2, with values of 3,715,000 kN/m® and 3,880,000 kN/m? respectively. As previously
explained, a small offset of the axial loads seems to have induced small bending strains, causing
some scattering.

2.7.4 Calibration of Model Piles Type A

The last series of piles build, called type A, were made of solid aluminum. These piles, 0.79 cm
in diameter, were instrumented with 9 pair of strain gages. Fig. 2.19 shows the strain gage
locations and configurations of these four piles (piles #1, #2, #3, and #4), used in Model p-3x2,
p-6x2, and p-3x1.

58



These piles were also calibrated in bending, following the same procedure already described
(Fig. 2.20). The strains were measured at both sides and plotted for three different weights. Fig.
2.20 shows the measured strain versus distance for pile #3, demonstrating the linear behavior of
this aluminum and the good attachment of the strain gages.
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Figure 2.14: Modulus of elasticity (in axial) of model pile #1 and #2, type Ul
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Pile type U2
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e N

ekl | |
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Strain gage Strain gage Distance h [cm]
# configuration (in model units)
SG1 quarter bridge 3.5
SG2 half bridge 4.5
SG3 quarter bridge 8
SG4 half bridge 12
SG5 quarter bridge 14.5
SG6 half bridge 15.5

Figure 2.15: Diagram of model pile type U2 configuration, used in Model 1x1-w and 1x1-v,

and in Model 3x1-w and 3x1-v (single pile)
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SG2 quarter bridge 55
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SG6 quarter bridge 11.5
SG7 half bridge 12.5
SG8 quarter bridge 14.25
SG9 half bridge 16

Figure 2.19: Diagram of model pile type A configuration, used in Model p-0, p-3x2, p-6x2

and p-3x1
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Figures 2.21 and 2.22 show the estimated bending stresses at the location of each pair of strain
gage versus the measured strain at those locations. The slopes of the fitted lines represent the
modulus of elasticity in bending of piles #1 and #2 (Fig. 2.21) and of piles #3 and #4 (Fig. 2.22),
with an average value of 69,400,000 kN/m”.

2.8 Soil Properties
2.8.1 Nevada Sand

The sand used in all centrifuge models in this research was Nevada sand, purchased from Gordon
Sand Company of Compton, California. This sand was used in the VELACS project (Arulandan,
1993; and Taboada, 1995), and its properties have been extensively investigated. Nevada sand
has been used extensively at RPI to study a variety of geotechnical problems (Taboada, 1995;
Adalier; 1996; Abdoun, 1997; Ramos, 1999; Sharp, 1999; Wang, 2001, Pamuk, 2004).

EARTH Technology Corporation carried out general laboratory tests which included sieve
analyses, specific gravity tests, maximum and minimum density tests, and constant-head
permeability tests (Arulmoli et al., 1992). The specific gravity of Nevada sand was determined
to be 2.67 and the maximum and minimum dry densities were estimated as 17.33 kN/m’ and
13.87 kKN/m’ respectively. The corresponding minimum and maximum void ratios were epin =
0.511 and enax = 0.887. Tables 2.7 and 2.8 summarize the results from the laboratory tests and
Fig. 2.23 shows the grain size distribution for Nevada sand. Constant-head permeability tests
were performed using reconstituted samples (Arulmoli et al., 1992). The permeability
corresponding to a relative density of D; = 40%, was k = 6.6 x 10 m/sec. The hydraulic
conductivity versus relative density is plotted in Fig. 2.24, whereas Table 2.9 summarizes these
results.

2.8.2 Slightly Cemented Sand

Partially saturated sands in the field have little liquefaction potential. Since it has been difficult
to simulate in the centrifuge these nonliquefiable layers, Abdoun (1997) proposed and tested a
method using weak cementation in the sand, giving properties comparable to a dense non-
cemented sand in the field with small apparent cohesion. This method, used also by Ramos
(1999), Wang (2001), and Pamuk (2004) was used in the centrifuge tests conducted in this study.
This slightly cemented sand consisted of a dry mixture of Nevada sand and cement (quick-setting
cement), purchased from Quikrete Company. The percentage of cement added to the mixture
was 10% by weight of the clean Nevada sand. The total density of the saturated slightly
cemented sand was estimated as 21.3 kN/m’ (Abdoun, 1997).
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Figure 2.21: Modulus of elasticity (in bending) of model pile #1 and #2 (type A)
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Table 2.7: General test results for Nevada sand (Arulmoli et al., 1992)

Do 0.08 mm
Dsq 0.15 mm
Specific gravity, Gs 2.67
Max. void ratio, emax 0.887
Min. void ratio, emin 0.511
Max. dry density 17.33 kN/m’
Min. dry density 13.87 kN/m’

UNIFIED SOIL CLASSIFICATION

GRAVEL SAND
COBBLES SILT OR CLAY
COARSE FINE COARSF MEDIUM ‘ FINE
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Figure 2.23: Grain size distribution for Nevada sand (after Arulmoli et al., 1992)
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Figure 2.24: Hydraulic conductivity versus relative density for Nevada sand (after
Arulmoli et al., 1992)

Table 2.8: Sieve analysis for Nevada sand (Arulmoli et al., 1992)

Sieve number 10 20 40 60 100 200

Sieve size (mm) 2 0.84 0.42 0.25 0.15 | 0.075

Percent passing through sieve 100 100 99.7 97.3 49.1 7.7

Table 2.9: Constant-head permeability tests results for Nevada sand (Arulmoli et al., 1992)

Dry density Relative density | Permeability
Test No. (kN /m3) Void ratio (%) (m/sec)
1 16.95 0.55 91 23x10°
2 15.08 0.742 40.2 6.6x10”
3 15.76 0.667 60.1 56x 107
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A series of consolidated-drained triaxial tests on the slightly cemented sand was conducted by
Abdoun (1997). The procedure used to prepare the soil sample was similar to the procedure used
to build the slightly cemented sand layers in the centrifuge models. First, a cylindrical sample
was built in three layers from a dry mixture of slightly cemented sand. Each layer was
compacted using an aluminum rod dropped from a distance of 2 cm. The final dimensions of the
sample were 5 cm in diameter and 10 cm in length. After about 40% of the slightly cemented
sand voids were filled with water, the sample was allowed to set for about 12 hours before
testing. Figure 2.25 shows the stress-strain curves obtained for the slightly cemented sand at

different cell pressures (o). The cell pressures used were representative of the range of stresses

exerted on the models during the tests. The results of these tests are summarized in the p-q
diagram shown in Fig. 2.26. The K¢ — line had an inclination & = 29.5° and an intercept a = 4.3
kPa (0.044 kg/cm?®), which corresponds to a drained friction angle ¢ = 34.5° and cohesion ¢ =
5.2 kPa (0.053 kg/cm?). These values are considered still valid for this study, since the same
process was followed to build the slightly cemented layer.
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Figure 2.25: Stress-strain curves for cemented sand (Abdoun, 1997)
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Figure 2.26: Triaxial test results for cemented sand plotted on p-q diagram (Abdoun, 1997)
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CHAPTER 3
EFFECT OF SOIL PERMEABILITY ON SINGLE PILE RESPONSE
TO LATERAL SPREADING

3.1 Introduction

Liquefaction-induced lateral spreading of sloping ground and near waterfronts continues to be a
major cause of damage to deep foundations. Even though various foundation analyses and design
methods are used in engineering practice, and extensive research has been conducted, there are
still significant uncertainties associated with the maximum lateral pressures and forces applied
by the liquefied soil. Furthermore, recent centrifuge and 1g shaking table tests (small and full
scale) of single piles and pile groups indicate that the permeability of the liquefied sand is an
extremely important and poorly understood factor. A series of centrifuge tests were conducted
in this study to investigate the effect of soil permeability in the response of single piles and pile
groups to lateral spreading. More specifically, six models simulating a mild infinite slope with
a 6 m thick loose sand layer on top of a 2 m thick cemented sand layer were tested in a large
laminar box. Three models consisting of a single pile, a 3x1 pile group, and a 2x2 pile group
were tested using water as pore fluid. Since in centrifuge modeling of liquefaction there is a
conflict with the consolidation and dynamic processes, these models consolidated much faster
than desired, hence simulating a loose layer of coarse sand. These models were then repeated,
using the same fine Nevada sand, but saturated this time with a viscous fluid (metulose), hence
simulating a loose layer of fine sand. As a result, these models simulate deposits of wide
different permeability in the field. The suitability of metulose as been study extensively by other
researchers; for instance, Dewoolkar et al. (1999) conducted a series of experimental tests to
examine the suitability of metulose, concluding that the constitutive behavior of saturated sand
specimens is not significantly altered with this substitute pore fluid. Nevertheless, further
investigations were recommended to study the effect of strain rates and damping properties of
metulose. Madabhushi (1994) concluded that damping is rather less sensitive to the viscosity of
pore fluid, thus justifying the use of high viscosity pore fluids in centrifuge tests. Increasing the
viscosity of the fluid or decreasing the permeability of a liquefiable soil profile may however
affect the rate of pore-pressure buildup and subsequent dissipation during and after earthquake
excitation. Consequently, effective soil confinement and available resistance to shear
deformations may be significantly dependent on permeability in many practical situations.

This chapter presents in detail the results of two centrifuge tests conducted at the RPI centrifuge
to investigate the effect of soil permeability on the response of single piles due to lateral
spreading. The models simulate a single pile embedded in a two layer soil system, consisting of a
liquefiable layer on top of a nonliquefiable layer (Fig. 3.1). The slightly inclined models were
excited by practically the same input motion, so the results can be compared. A main feature of
these two models is the large number of pore pressure transducers placed far away, close and
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next to the pile models, as shown in Fig. 3.1. The pile is instrumented with 6 pair of strain gages
so p-y curves can be back-calculated. Besides, grids of colored sand were placed at different
depths to observe the change in pattern of soil deformation with depth. The only difference is
that Model 1x1-w is saturated with de-aired/de-ionized water, whereas Model 1x1-v is saturated
with a methylcellulose-water solution (metulose) having about 40 times the viscosity of water.
Consequently, at a centrifugal acceleration of 50g, these models simulate deposits with very
different permeability in the field (Table 3-1).

The steps to prepare the models are described in section 3.2, whereas a description of both
models is presented in section 3.3. Experimental results of Models 1x1-w and 1x1-v are
presented and discussed in sections 3.4 and 3.5 respectively. A p-y curve analyses is conducted
to back-calculate the soil pressure against the piles, and a basic limit equilibrium analysis is
developed to estimate the maximum bending moments and pile lateral displacement due to
lateral spreading. Section 3.6 compares both models and discusses the difference in response
due to the soil permeability effect.

3.2 Model Preparation

This section describes the preparation of the two centrifuge models (Models 1x1-w and 1x1-v),
using Fig. 3.2. While Fig. 3.2 refers to the 2x2 pile group tests discussed in chapter 5, the model
preparation was very similar in all cases and hence Fig. 3.2 is also applicable to Models 1x1-w
and 1x1-v. The 1-D large laminar box, described in section 2.4, was used in this series of tests.

First, a 0.02 cm thick latex membrane is placed inside the laminar box to prevent leakage of the
saturated soil. Afterwards, the external side of the container is sealed and a vacuum pump is
connected to remove the air from the outer chamber, as shown in Fig. 3.2a. The external vacuum
forces the latex membrane to flush against the rings, facilitating placement of the soil. At this
stage the pile group is properly located and aligned in the box. Figure 3.2a shows the
construction of the bottom slightly cemented layer. A dry mixture of slightly cemented sand is
pluviated into the laminar box in three sublayers. Each sublayer is compacted by dropping an
aluminum block five times from a height of 2 cm, ending up with a cemented layer of about 4.2
cm high. The soil in the pile group area is compacted following the same procedure, but using a
smaller aluminum block and dropping it eight times from the same height of 2 cm (Fig. 3.2a). An
accelerometer is placed at an intermediate elevation at the proper orientation. This slightly
cemented sand layer is believed to represent a medium-dense layer in the field (Abdoun, 1997).

A cover is placed on top of the laminar box and de-ionized water is slowly introduced from the
corners of the cover until the whole layer is wet (Fig. 3.2b). Once the cement is set, after
approximately 12 hours, the cover is removed and the surface is flattened and carefully scraped
to ensure a uniform height of 4 cm.
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Figure 3.1 (cont): (b) Transversal and (c¢) horizontal sections of Models 1x1-w and 1x1-v

Table 3.1: Testing properties of centrifuge Models 1x1-w and 1x1-v

Pile #of  [# of instrument.| _. # of Fluid
Model _ ) i Pile cap . .
configuration| piles piles layers | viscosity (L)
Ix1-w single pile 1 1 no 2 1
Ix1-v single pile 1 1 no 2 42
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Figure 3.2c illustrates the construction of the liquefiable layer. Dry Nevada sand is poured into
the laminar box by dry pluviation to a height of 12 cm above the slightly cemented layer. A
funnel with a row of holes is used to place the sand in the free field, whereas a small cone
connected to a thin tube is used to fill the pile group area. The falling distance and speed of
movement in both methods were previously calibrated to ensure the desired 40% relative density.
The width of the funnel was approximately one third the width of the laminar box. The funnel is
manually moved back and forth along the longest dimension of the box, with a free falling
distance of about 2 cm. Accelerometers and pore pressure transducers are installed at proper
locations and orientations. Colored sand is also placed at intermediate depths using a plastic grid
that serve as mold.

Once the thickness of the loose Nevada sand is exactly 12.0 cm, an airtight cover is placed on top
of the laminar box to seal the inner chamber. The vacuum pump for the outer chamber is turned
off and the laminar box is carefully moved to the centrifuge platform. Once the laminar box is
fixed to the inclined table, on top of the shaker, the vacuum pump is reconnected to the outer
chamber, until a vacuum of 30 in of mercury is reached. A second vacuum pump is then
connected to the inner chamber to apply a vacuum of about 26 in of mercury, as shown in Fig.
3.2d. This differential vacuum is required to keep the latex membrane tight against the rings.
After maintaining the inner vacuum for an hour, the second pump is turned off and carbon
dioxide is slowly introduced into the box during approximately half an hour until atmospheric
pressure is reached in the inner chamber. The purpose of using CO; is to help dissolving the
remaining oxygen in the water. At this time, the fluid is introduced very slowly to the model
from four dripping pipes located on each corner of the cover. This process continues for about 10
hours until the pore fluid covers the model surface. The inner and outer vacuums are slowly
released and the airtight cover is removed. The rigid sides of the laminar box are also removed
and the remaining sensors are attached to the side of the laminar box. The model is finally tested
between 24 and 48 hours after the saturation process is completed.

3.3 Model Description

The setup and instrumentation used in Models 1x1-w and 1x1-v are presented in Fig. 3.1. These
models simulate a single pile embedded in the nonliquefiable layer. The prototype profile
consists of a 6 m thick Nevada sand layer placed at a relative density of about 40%, on top of a 2
m thick nonliquefiable cemented layer. The models, inclined 2° to the horizontal (4.8° after
instrumental correction; Taboada, 1995), simulate an infinite mild ground slope. The only
difference between both models is that Model 1x1-w is saturated with de-aired/de-ionized water,
whereas Model 1x1-v is saturated with a methylcellulose-water solution (metulose) having about
40 times de viscosity of water. At a centrifugal acceleration of 50g the loose Nevada sand in
Model 1x1-w simulates a coarse sand, whereas in Model 1x1-v it simulates a fine sand.
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The embedded pile has a prototype diameter (d) of 60 cm and a prototype bending stiffness (E7)
of approximately 9000 kN-m”. Figure 3.3 shows a picture of the single pile and the transducers
during model preparation. Grids of colored sand were placed as well at intermediate depths to
observe the pattern of soil displacement around the pile (Fig. 3.4).

The models were excited by 30 cycles of a 100 Hz sinusoidal acceleration with uniform
amplitude of about 15g. At a centrifugal acceleration of 50g this corresponds to a frequency of 2
Hz and peak acceleration of about 0.3g.

The instrumentation used in Models 1x1-w and 1x1-v is shown in Fig. 3.2 and listed in Table
3.2. The models were instrumented with 14 accelerometers, 24 pore pressure transducers, and 6
LVDTs. The pile (IP1) was instrumented with 6 pairs of strain gages. Detailed information about
the strain gage configuration and the pile (type U2) used in these models is presented in section
2.7. Accelerations in the soil and outside the laminar box, excess pore water pressure, lateral
displacement of the soil and the pile head, and bending moments were measured during the tests.

3.4 Model 1x1-w
3.4.1 Recorded Accelerations

Figure 3.5 shows the recorded input acceleration and soil acceleration time histories in the free
field at different depths. As expected, the measured input acceleration had a uniform amplitude
of 0.3g. Near the ground surface the soil acceleration dropped significantly after one cycle due to
the dynamic isolation of the shallower layers. At deeper elevations, large negative spikes
developed due to the dilative behavior of the saturated loose sand during lateral spreading.
Therefore, the records indicate the loose sand layer liquefied and displaced in the downslope
direction during shaking. On the other hand, the acceleration of the bottom layer (Al) was
identical to the input acceleration, indicating that no sliding occurred between this layer and the
base of the laminar box. The acceleration records on laminar rings (Fig. 3.6) exhibit a drop in
positive amplitude and spikes in the negative direction, showing a good agreement with the soil
acceleration.

3.4.2 Recorded Excess Pore Pressures

Excess pore pressure time histories in the free field, near field, and next to the pile, are shown in
Figs. 3.7, 3.8 and 3.9 respectively. These records reveal that practically the whole sand layer
liquefied at the beginning of shaking. However, a decrease in excess pore pressure took place
near the ground surface, with this tendency being stronger next to the pile than in the free field.
On the other hand, the high permeability of the loose sand layer was illustrated by the fast
dissipation process, which started during the excitation and took only a few seconds.
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Figure 3.3: Model during preparation, Models 1x1-w and 1x1-v

Figure 3.4: Colored sand placed at an intermediate depth, Models 1x1-w and 1x1-v
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Table 3.2: Location of instruments in Models 1x1-w and 1x1-v (in model units)

Sensor Coordinates [cm]

Transducer name X Y Z
Ain 73.5 17.75 16.5

Al 55 17.75 14

A2 55 17.75 11

A3 55 17.75 9.5

A4 55 17.75 8

A5 55 17.75 6

Accelerometer A6 55 17.75 4
A7 55 17.75 2.5

A8 55 17.75 1

A9 72.5 17.75 16

A10 71 17.75 11

All 71 17.75 8

Al2 71 17.75 4

Al3 71 17.75 1

P1 17.75 17.75 11

P2 17.75 17.75 8

P3 17.75 17.75 4

P4 17.75 17.75 1

P5 32 17.75 11

P6 32 17.75 8

P7 32 17.75 4

P8 32 17.75 1

P9 35.5 16.75 11

P10 35.5 16.75 8

P11 35.5 16.75 4

Pore pressure P12 35.5 16.75 1
transducer P13 35.5 21.25 11

P14 35.5 21.25 8

P15 35.5 21.25 4

P16 35.5 21.25 1

P17 39 17.75 11

P18 39 17.75 8

P19 39 17.75 4

P20 39 17.75 1

P21 53 17.75 11

P22 53 17.75 8

P23 53 17.75 4

P24 53 17.75 1
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Table 3.2 (cont.): Location of instruments in Models 1x1-w and 1x1-v (in model units)

Sensor Coordinates [cm]
Transducer name X Y Z
L1 0 17.75 11
L2 0 17.75 8
LVDT L3 0 17.75 4
L4 0 17.75 0.5
L5 36.5 17.75 -2
L6 34.5 17.75 -2
IP 1 IP 1 IP 1
SG1 35.5 17.75 12.5
SG2 35.5 17.75 11.5
Strain gage SG3 35.5 17.75 8
SG4 35.5 17.75 4
SGS5 35.5 17.75 1.5
SG6 35.5 17.75 0.5

3.4.3 Recorded Lateral Displacements

The recorded soil lateral displacement in the free field (Fig. 3.10) shows that the liquefied layer
displaced gradually during shaking, reaching a maximum displacement of approximately 165 cm
at the end of shaking. The single pile on the other hand, bounced back after reaching a maximum
lateral displacement of 28 cm.

The profiles of soil lateral displacement in the free field were obtained by interpolating the
LVDT measurements, after filtering out the cyclic component (Fig. 3.11). As soon as the loose
sand liquefied at the beginning of shaking, the deposit started moving downslope, with the
maximum displacement taking place always on the ground surface.

3.4.4 Pattern of Soil Displacement around the Single Pile

Grids of colored sand were placed at intermediate depths to observe the pattern of soil
displacement around the pile. Figure 3.12 shows pictures of the soil condition at two different
depths, after carefully removing the soil on top. The liquefied sand moved around the pile,
affecting the soil pattern close to the pile itself. Therefore, the characteristic width perpendicular
to the flow was the diameter of the pile. Even though the area of influence was very small, it is
possible to observe a larger area of influence at shallower elevations.
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3.4.5 Recorded Bending Moments

Figure 3.13 shows prototype bending moments measured in the single pile, whereas the profiles
of bending moments are shown in Fig. 3.14, after filtering out the cyclic component. The
maximum moment at any given time occurred closed to the base of the liquefied layer, reaching
a maximum value at about 6 sec, which is also the time at which the pile reached its maximum
deflection. Afterwards, the bending moments decreased despite the displacement of the liquefied
layer kept increasing until the end of shaking. There is a strong indication that after 6 sec the
liquefied soil started flowing around the pile, thus decreasing the exerted soil pressure on the
pile. This general pattern of bending moment and pile displacement is typical of many centrifuge
models of single piles and pile groups conducted at RPI using water as pore fluid (Abdoun,
1997).

Figure 3.15 shows the measured bending moment at the base of the liquefiable layer versus the
measured pile head lateral displacement, after filtering out the cyclic component. The pile
reached a maximum lateral displacement and bending moment and then bounced back during
shaking. The almost linear relationship between bending moment and pile head displacement
indicates a linear elastic behavior of the pile-fixation system.

3.4.6 P-y Curve Analysis

To further investigate the pile-soil-fluid interaction during lateral spreading, p-y curves were
estimated along the pile. The profiles of pile displacement were calculated as a first
approximation by double integrating the bending moment distributions along the height of the
pile, according to equation:

_ (M)
yp_ﬂ.Elcm 3.1]

where y, is the pile lateral deformation, £/ is the pile bending stiffness, M is the pile bending
moment after filtering out the cyclic component, and h is the height measured from the bottom of
the loose sand layer. However, the estimated lateral displacement (LDg) at the location of the
LVDTs differed considerably from the one measured with the transducers L5 and L6 (LDy),
indicating that the slightly cemented layer was not able to provide an infinite constrain. The
rotation of the pile at the base of the liquefiable layer (6has) Was hence estimated using the
following expression:

LD, -LD,
ebase :d—h
[3.2]
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Figure 3.12: Pattern of soil displacement around the pile, (a) z=1m, (b) z=3 m,
Model 1x1-w
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where dh is the distance between the bottom of the liquefiable layer and the LVDTs L5 and L6.
At each time instant, the rotational stiffness provided by the bottom cemented layer was
estimated by dividing the pile bending moment at the base of the liquefiable layer by the rotation
of the pile (Gpase). Figure 3.16 shows the back-calculated rotational stiffness of the cemented sand
around the pile versus the bending moment at the base of the liquefiable layer. The rotational
stiffness at the beginning of the excitation was approximately 12000 kN-m/rad. As the bending
moment started increasing, the cemented sand around the pile started to yield and the fixation
was reduced to some extent. Probably a tiny gap developed between the cemented sand and the
pile causing the rotational stiffness to drop when the pile bounced back.

Figure 3.17 shows the large difference between the measured pile head lateral displacement and
the estimated displacement assuming no rotation at the base. However, the back-calculated pile
head displacement agrees very well with the measured one using a constant rotational stiffness of
8000 kN-m/rad. The pile lateral displacement profiles were hence obtained considering the
deformation by curvature and rotation. Finally, the relative lateral displacement profiles (y) were
estimated by simple subtraction of the pile lateral displacement profiles from the free field lateral
displacement profiles.

On the other hand, the lateral resistance (p) on the pile was obtained from the bending moment
distributions M(z), using the simple beam theory according to the equation:

az
0z’

p= M(z) [3.3]
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Figure 3.16: Back-calculated rotational stiffness of the cemented sand around the pile
versus bending moment at the base of the liquefiable layer, Model 1x1-w

where z is the depth measured from the ground surface. The discrete measurements of bending
moments along the pile were interpolated using a cubic spline interpolation technique. A cubic
spline is perhaps the simplest interpolation of discrete values that can be double differentiated
(Wilson, 1998); however since the spline fits every point exactly, the interpolation is affected by
the dynamic component upon differentiation. Therefore, the cyclic component of the bending
moment records was filtered out before obtaining the bending moment distributions.

The p-y curves shown in Fig. 3.18 indicate that the lateral resistance on the pile reached values
between 5 and 15 kN/m. In the upper 3 m however, the liquefied soil was not able to sustain this
pressure during the excitation, loosing most of its strength and explaining the pile rebound. On
the other hand, the estimated lateral resistance at a depth of 4 m did not decrease, probably due to
the fact that the relative displacement (y) was smaller at deeper elevations.

3.4.7 Limit Equilibrium Analysis

A limit equilibrium analysis was conducted to estimate the liquefied soil pressure acting on the
single pile. A student version of the software AVwin was used to model the pile subjected to the
lateral force induced by lateral spreading. The pile was modeled with 30 elements, having a
bending stiffness of 9000 kN-m?”. The slightly cemented layer was modeled with a rotational
springs at the base of the liquefiable layer, using the stiffness of 8000 kN-m/rad back-calculated
in the p-y curve analysis.
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The pattern of soil deformation in Fig. 3.12 shows that the liquefied sand moved around the pile,
affecting the soil pattern close to the pile itself. Therefore, the liquefied soil pressure was
assumed to act only on the pile, which represents an effective area of 3.6 m?, as shown in Fig.
3.19a. This pressure was assumed to be constant and independent of depth, and the force on each
node was obtained by multiplying this soil pressure by the corresponding area. A liquefied soil
pressure of 11.5 kN/m?® was found to provide the best estimations of the maximum moment and
pile head displacement. For a pile diameter of 0.6 m, the soil pressure corresponds to a lateral
soil resistance (p) of 7 kN/m, which is within the 5 to 15 kN/m range back-calculated in the p-y



curve analysis. The liquefied soil pressure is in excellent agreement with the 10 kPa estimated by
Dobry et al. (2002) based on a limit equilibrium analysis on a single pile.

The back-calculated bending moment at the base of the liquefiable layer was 125 kN-m, very
close to the 120 kN-m measured during the test. The calculated pile head lateral displacement
was 27 cm, one centimeter less than the maximum value measured during the test. Table 3.3
summarizes some of the parameters used in the limit equilibrium analysis, as well as measured
and calculated values, showing an excellent agreement.

fi 111

Effective area subjected
to soil pressure

File

LU

(a) (b)

Figure 3.19: (a) Effective area subjected to liquefied soil pressure and (b) lateral view of the
model used for limit equilibrium analyses, Model 1x1-w
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Table 3.3: parameters used in the limit equilibrium analysis, as well as measured and
calculated values, Models 1x1-w and 1x1-v

Liquefied Rotational Max. bending Max. pile
Model |soil pressure| e, [m’] | stiffness moment [kN-m] cap disp. [cm]
[KN/m’] [kN-m/rad]| Measured | Calculated| Measured | Calculated
Ix1-w 11.5 3.6 8000 120 125 28 27
Ix1-v 11.5 7.6 8000 360 350 85 87

Max. bending moments measured and calculated at the base of the liquefiable layer

e, Effective area subjected to liquefied soil pressure

3.5 Model 1x1-v

3.5.1 Recorded Accelerations

Figure 3.20 shows the recorded input acceleration and soil acceleration time histories in the free
field at different depths. As expected, the measured input acceleration (Ain) had a prototype
amplitude of 0.3g. The acceleration records exhibit the same trends observed in Model 1x1-w,
indicating the loose sand layer did liquefy during the excitation and the bottom cemented layer
did not slide with respect to the base. The acceleration records on the laminar rings (Fig. 3.21)
exhibit a drop in positive amplitude and spikes in the negative direction, showing a good
agreement with the soil acceleration in the free field.

3.5.2 Recorded Excess Pore Pressures

The excess pore pressure records reveal that the loose sand in the free field liquefied after one or
two cycles of shaking (Fig. 3.22). One of the records near the ground surface however, shows a
decrease in excess pore pressure. Large shear strains developed under low confinement and a
slow dissipation process appear to be responsible for this phenomenon.

Figure 3.23 shows excess pore pressures measured at a distance of 2d from the pile, in the
upslope and downslope direction. Excess pore pressures recorded at a distance of 2d on one side,
and next to the pile on the other side, are presented in Fig. 3.24. As expected, the records near the
ground surface exhibit a reduction in excess pore pressure. The excess pore pressure close to the
pile decreased up to values of the order of -10 kPa during shaking. This tendency was much
stronger next to the pile, with the excess pore pressure dropping up to -20 kPa at the end of
shaking. The reduction in lateral stress on the downslope side of the pile, as well as large shear
strains with an undrained dilative response of the liquefied soil close to the pile, seem to have
been responsible for this phenomenon. Moreover, it seems that due to the low permeability, the
flow from the free field was not fast enough to dissipate the increments of negative pore pressure
developed next to pile. This decrease in pore pressure appears to have stiffened the soil around
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the pile, thus increasing the effective area subjected to the lateral pressure of the liquefied soil,
explaining the large bending moments and pile displacement.

Figure 3.25 presents long term excess pore pressures at various depths, in the free field and next
to the pile. The dissipation process in the free field is consistent with previous centrifuge tests
conducted at RPI. Near the pile however, the negative excess pore pressure developed at shallow
elevations generated a large vertical hydraulic gradient. This gradient was responsible for a much
faster dissipation process around the pile.

3.5.3 Visualization of Pore Pressure Build-up and Dissipation

The excess pore pressure records discussed above are very revealing; however, it may not be
easy to understand the complex set of data generated by the large number of pore pressure
transducers by analyzing time histories of measured excess pore pressures. Therefore, a visual
animation was created to further analyze the dynamic response of the model, particularly the
pore pressure build-up and dissipation around the pile. The software used was Tecplot 10, a
commercial tool with extensive 2-D and 3-D capabilities for visualizing data.

The 2-D visualization involves pore pressure ratios and lateral displacement of the soil and pile
in the longitudinal direction. The soil lateral displacement was obtained by interpolating the
LVDT measurements, whereas the pile deformation was estimated considering the curvature and
rotation following the procedure presented below in section 3.5.7. These displacements were
amplified by a factor of 2 for visual clarity. The field of pore pressure ratio was obtained by
interpolating the measurements provided by 20 pore pressure transducers, located far from the
pile (P1 - P4, P21 — P24), close to the it (P5 — P9, P17 — P20), and next to the it (P9 — P12).

Figure 3.26 shows snapshots of the animation at selected time instants during the excitation.
After one second the whole loose sand layer was practically liquefied, except near the surface
where negative excess pore pressure developed and sustained during all the excitation. These
very low pore pressures, particularly around the pile, must have stiffened the liquefied soil in this
zone. On the other hand, these negative excess pore pressures created a large vertical gradient
close to the pile. Figure 3.27 shows snapshots of the animation after the shaking stopped. The
dissipation process started around the pile, with the free field still being liquefied. The expelled
water ended up liquefying the soil on the downslope side of the pile, as shown in Fig. 3.27b.

Figure 3.28 shows the ground surface, after carefully removing the fluid above it. Unexpectedly,
several sand boils developed on the downslope side of the pile, even though the model was fully
saturated. This phenomenon validates the hypothesis of a non-liquefied crust developed close to
the pile. As the water started being expelled, it broke through this crust carrying some of the
colored sand that was placed below the surface. The snapshots in Fig. 3.27 clearly illustrate that
the dissipation process was not only in the vertical direction, but also toward the pile; process
that took more than five minutes, confirming the low permeability of the model.
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Figure 3.21: Accelerations recorded on the laminar rings, Model 1x1-v
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Model 1x1-v

‘ — next to pile —— close to pile ‘

L B B B S B B

Excess pore pressure [kPa]

Time [sec]

Figure 3.24: Excess pore pressure time histories close and next to the pile, Model 1x1-v
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(b)
Figure 3.28: Sand boils on the downslope side of the pile, (a) far view, (b) close view,
Model 1x1-v
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3.5.4 Recorded Lateral Displacements

The recorded soil lateral displacement in the free field (Fig. 3.29) shows that the liquefied layer
displaced gradually during shaking. Once the excitation ended, the lateral displacement stopped
immediately even thought the loose sand was still liquefied. This phenomenon is consistent with
previous centrifuge tests (Abdoun, 1997; Pamuk, 2004), and confirms that the inertia forces due
to shaking are necessary for the ground deformation to continue (Okamura et al., 2001). The
single pile displaced laterally during shaking without ever bouncing back, reaching a maximum
displacement at the end of shaking of about 85 cm.

The profiles of soil lateral displacement in the free field were obtained by interpolating the
LVDT measurements, after filtering out the cyclic component (Fig. 3.30). As soon as the loose
sand liquefied at the beginning of shaking, the deposit started moving downslope, with the
ground surface reaching a maximum displacement of approximately 140 cm at the end of
shaking.

3.5.5 Pattern of Soil Displacement around the Single Pile

Grids of colored sand were placed at intermediate depths to observe the pattern of soil
displacement around the pile. Figure 3.31 shows pictures of the soil condition at two different
depths, after carefully removing the soil on top. The liquefied sand moved around the pile,
affecting the soil pattern up to a considerable distance at both sides of the pile. Therefore, the
characteristic width perpendicular to the flow was much larger than the diameter of the piles. The
comparison of soil deformation patterns at different elevations evidences a larger area of
influence around the pile at the shallower depth.

3.5.6 Recorded Bending Moments

Figure 3.32 shows prototype bending moments measured in the single pile. The profiles of
bending moments are shown in Fig. 3.33, after filtering out the cyclic component. The maximum
moment at any given time occurred closed to the base of the liquefied layer, reaching a
maximum value at the end of the excitation, being consistent with the pile displacement.

Figure 3.34 shows the measured bending moment at the base of the liquefiable layer versus the
measured pile head lateral displacement, after filtering out the cyclic component. The linear
relationship between bending moment and pile displacement evidences the linear behavior of the
pile-fixation system.
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(b)
Figure 3.31: Pattern of soil displacement around the pile, (a) z=1 m, (b) z=3 m,
Model 1x1-v
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3.5.7 P-y Curve Analysis

The profiles of pile displacement were calculated as a first approximation by double integrating
the bending moment distributions along the height of the pile, according to equation 3.1. Like in
Model 1x1-w (Section 3.4.6), the estimated lateral displacement at the location of the LVDTs
differed considerably from the one measured with the transducers L5 and L6, indicating that the
slightly cemented layer was not able to provide an infinite constrain. The rotation of the pile at
the base of the liquefiable layer (Gp.se) Was hence estimated using the equation 3.2. At each time
instant, the rotational stiffness provided by the bottom cemented layer was estimated dividing the
pile bending moment at the base of the liquefiable layer by the rotation of the pile (Gpase). Figure
3.35 shows the back-calculated rotational stiffness of the cemented sand around the pile versus
the bending moment at the base of the liquefiable layer.

Ignoring the large value generated at the beginning of shaking, the rotational stiffness in the
elastic range was approximately 14000 kN-m/rad. As the bending moment started increasing, the
cemented sand around the pile lost part of its strength and the rotational stiffness decreased and
stabilized at about 8000 kN-m/rad.
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Figure 3.35: Back-calculated rotational stiffness of the cemented sand around the pile
versus bending moment at the base of the liquefiable layer, Model 1x1-v

Figure 3.36 shows the large difference between the measured pile head lateral displacement and
the estimated displacement assuming no rotation at the base. However, the back-calculated pile
head displacement fits exactly the measured one if a constant rotational stiffness of 8000 kN-
m/rad is considered, which is in excellent agreement with the value estimated in the p-y curve
analysis in Model 1x1-w. The pile lateral displacement profiles were hence obtained considering
the deformation by curvature and rotation. Finally, the relative lateral displacement profiles (y)
were estimated by simple subtraction of the pile lateral displacement profiles from the free field
lateral displacement profiles.

On the other hand, the lateral resistance (p) on the pile was obtained from the bending moment
distributions M(z), using equation 3.3. The p-y curves shown in Fig. 3.37 indicate that below 2 m
the lateral resistance reached approximately 10 kN/m, being consistent with estimated values in
Model 1x1-w. Near the ground surface however, the resistance of the liquefied soil increased
almost linearly up to about 45 kN/m at the end of shaking. This huge lateral pressure near the
surface, associated to the decrease in excess pore pressure, would explain the large bending
moment and pile lateral displacement.
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3.5.8 Limit Equilibrium Analysis

A limit equilibrium analysis was conducted to back-calculate the maximum measured bending
moment and pile head displacement. A student version of the software AVwin was used to
model the single pile subjected to the lateral force induced by lateral spreading. The pile was
modeled with 30 elements, having a bending stiffness of 9000 kN-m?”. The slightly cemented
layer was modeled with a rotational springs at the base of the liquefiable layer, using the stiffness
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of 8000 kN-m/rad back-calculated in the previous section. The force on each node was obtained
by multiplying the soil pressure by the corresponding effective area.

The liquefied soil pressure used in the analysis was the 11.5 kN/m? estimated in Model 1x1-w.
This pressure corresponds to a lateral resistance (p) of 7 kN/m, which agrees very well with the
back-calculated values below 2 m depth, as shown in Fig. 3.37. The pattern of soil displacement
(Fig. 3.31) shows that the liquefied sand moved around the pile, affecting the soil pattern up to a
considerable distance at both sides of the pile, especially near the ground surface. Therefore, at
shallow depths, the characteristic width perpendicular to the flow was much larger than the
diameter of the pile. This response is consistent with the huge lateral resistance obtained in the p-
y curve analysis at a depth of 1 m. Figure 3.38c shows a snapshot of a visual animation of the
model in the transversal direction. The negative excess pore pressures (in red color) developed
next to the pile in the upper 2 m must have stiffened the soil in a conical zone. Therefore,
considering the triangular area subjected to the liquefied soil pressure shown in Fig. 3.38a, the
estimated maximum bending moment and pile head lateral displacement agree very well with the
measured values. The back-calculated bending moment was 405 kN-m, close to the 425 kN-m
measured at the base of the liquefiable layer. The calculated pile cap lateral displacement was 90
cm, very similar to the 85 cm measured during the test. Table 3.3 summarizes some of the
parameters used in the limit equilibrium analysis, as well as measured and calculated values.

3.6 Comparison of Free Field Results between Model 1x1-w and 1x1-v

This section compares some of the free field results obtained in Models 1x1-w and 1x1-v, such
as: soil accelerations, excess pore pressures and soil lateral displacements. A detailed comparison
of the recorded results from all centrifuge tests as well as a discussion of the effect of soil
permeability on pile foundation response to lateral spreading is presented in chapter 6. The
centrifuge models 1x1-w and 1x1-v simulated the response of a single pile embedded in a two
layer soil profile subjected to lateral spreading. The only difference between these models is that
the first one was saturated with water, while the second one was saturated with a viscous fluid,
simulating hence deposits of very different permeability in the field. A sketch of the setup and
instrumentation used in both cases is presented in Fig. 3.2.
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3.6.1 Comparison of Free Field Soil Accelerations

Figure 3.39 compares the free field soil accelerations measured in both centrifuge tests. The
measured input accelerations indicate that both models were subjected to the same base
excitation, which shows the excellent repeatability and validates the direct comparison between
the tests. The soil acceleration records in the loose sand layer exhibit in both cases a drop in
positive amplitude after the first cycle of shaking due to the liquefaction process and dynamic
isolation of the shallower layers. These records also contain large negative spikes in each cycle
due to the dilative behavior of the saturated loose layer during lateral spreading, with the spikes
being slightly larger in Model 1x1-w. Nevertheless, the results indicate that soil acceleration in
the free field was not significantly affected by the fluid viscosity or soil permeability.

3.6.2 Comparison of Excess Pore Pressures

Figure 3.40 compares the excess pore pressures measured in the free field in Models 1x1-w and
Ix1-v. In both tests, the records show that the sand in the free field liquefied after about one or
two cycles of shaking. In Model 1x1-v however, the excess pore pressure near the ground
surface dropped to values below zero, displaying large fluctuations. Large shear strains
developed under low confinement and a slow dissipation process appear to be responsible for
this phenomenon.

Figure 3.41 compares the excess pore pressures measured next to the single pile. Near the ground
surface, there was practically no excess pore pressure in the model saturated with water.
However in Model 1x1-v, this tendency was much stronger, with the excess pore pressure
decreasing gradually to values way below zero. The reduction in lateral stress on the downslope
side of the pile, as well as the large shear strains with an undrained dilative response of the
liquefied soil close to the pile, seem to have been responsible for this phenomenon. At deeper
elevations, the records indicate that the soil close to the pile was liquefied during most of the
excitation. Therefore, the records indicate that the excess pore pressure build-up near the ground
surface, in the free field and close to the pile, is significantly affected by the soil permeability.

As expected, the dissipation process was highly dependent on the soil permeability. While it took
about five minutes in Model 1x1-v, it took only a few seconds in the water-saturated Model 1x1-
w. The process of dissipation in Model 1x1-w was mainly vertical, whereas in Model 1x1-v, the
water in the free field moved toward the surface and toward the pile to compensate for the
negative and low excess pore pressure in this area.
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3.6.3 Comparison of Free Field Lateral Displacements

Figure 3.42 compares the free field lateral displacement profiles between Models 1x1-w and
Ix1-v. In both tests, the loose layer started moving downslope as soon as it liquefied at the
beginning of shaking, with the maximum displacement at all times measured at the ground
surface. Even though the ground surface deformation at all times was very similar, the profiles
tended to have a different shape. In the water-saturated model, the shear strains tended to
increase with height, whereas in Model 1x1-v the shear strains tended to decrease with height.
The loose sand layer in Model 1x1-w was so permeable that the dissipation process started
before the end of shaking, as shown in Fig. 3.41. This reduction in pore pressure must have
increased the soil stiffness near the bottom of the sand layer, explaining the lower shear strains
compared to the ones in Model 1x1-v. On the other hand, the reduction in pore pressure near the
surface in the Model 1x1-v appears to have been responsible for the low shear strains developed
at shallow elevations.

The cemented sand in both models did not experience permanent displacement and acted as a
solid layer during the excitation, as illustrated by its acceleration record being very similar to the
input.
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CHAPTER 4
EFFECT OF SOIL PERMEABILITY ON 3x1 PILE GROUP + SINGLE PILE
RESPONSE TO LATERAL SPREADING

4.1 Introduction

In the previous chapter, the results revealed that the liquefied soil permeability played an
extremely important factor in the pile group response subjected to lateral spreading. In Model
Ix1-w (saturated with water) the single pile reached a maximum lateral displacement and
bending moments and then bounced back during the excitation, being consistent with previous
centrifuge tests conducted at RPI. In Model 1x1-v (saturated with viscous fluid) however, the
single pile reached a maximum displacement and bending moments at the end of shaking,
without ever bouncing back. The bending moments and lateral displacement were 3 times larger
than those measured in Model 1x1-w, clearly illustrating the uncertainty and poor understating of
the complex behavior of the liquefied soil in the vicinity of the foundations (Table 4.1).

Table 4.1: Testing properties of centrifuge Models 3x1-w and 3x1-v

Pile #of  [# of instrument.| _. # of Fluid
Model ) _ Pile cap . .
configuration| piles piles layers | viscosity (1)
3x1-w BxD+1 4 3 in3xl1 2 1
3x1-v BxD+1 4 3 in3x1 2 40

This chapter presents in detail the results of two centrifuge tests conducted to further investigate
the pile foundation response to lateral spreading. These models simulate a 3x1 pile group and a
single pile embedded in a two layer soil system, as shown in Fig. 4.1. The profile is the same one
used in Models 1x1-w and 1x1-v, consisting of a liquefiable layer on top of a nonliquefiable
layer. The slightly inclined models were excited by practically the same input motion, so the
results can be compared. Pore pressure transducers were located next to the pile group (Fig. 4.1b)
to elucidate the soil-fluid interaction next to the piles. Besides, grids of colored sand were placed
at an intermediate elevation to observe the pattern of soil deformation around the piles. Once
again, the only difference between both models is that Model 3x1-w is saturated with de-
aired/de-ionized water, whereas Model 3x1-v is saturated with a methylcellulose-water solution
(metulose) having about 40 times de viscosity of water. Consequently, at a centrifugal
acceleration of 50g, these models simulate deposits of wide different permeability in the field.
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Figure 4.1 (cont.): (b) Transversal sections of Models 3x1-w and 3x1-v

A description of the models is presented in section 4.3, whereas the model preparation followed
the same steps already described in section 3.2. Experimental results of Models 3x1-w and 3x1-v
are presented and discussed in sections 4.4 and 4.5 respectively. Also, a basic limit equilibrium
analysis is developed to back-calculate the maximum bending moments and pile group lateral
displacement due to lateral spreading. Section 4.6 compares the two tests and discusses the
difference in response due to the soil permeability effect.
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4.2 Model Preparation

Preparation of Models 3x1-w and 3x1-v followed the same steps already described in section 3.2.
In both models a single pile and a 3x1 pile group were placed before the soil was pluviated,
attempting to simulate piles installed with minimal disturbance to the surrounding soil, as may be
the case when a pile is inserted into a pre-augered hole.

4.3 Model Description

The setup and instrumentation used in Models 3x1-w and 3x1-v are presented in Fig. 4.1. These
models simulate a single pile and a line of three piles connected with a pile cap perpendicular to
the direction of lateral spreading. The prototype profile consists of a 6 m thick Nevada sand layer
placed at a relative density of about 40%, on top of a 2 m thick nonliquefiable cemented layer.
The models, inclined 2° to the horizontal (4.8° after instrumental correction; Taboada, 1995),
simulate an infinite mild ground slope. The main and only difference between both models is that
Model 3x1-w is saturated with de-aired/de-ionized water, whereas Model 3x1-v is saturated with
a methylcellulose-water solution (metulose) having about 40 times the viscosity of water. At a
centrifugal acceleration of 50g the loose Nevada sand in Model 3x1-w simulates a coarse sand,
whereas in Model 3x1-v it simulates a fine sand.

The embedded piles have a prototype diameter (d) of 60 cm and a prototype bending stiffness
(EI) of approximately 9000 kN-m®. The aluminum cap, embedded in the loose Nevada sand, has
prototype dimensions of 1.8 m in width, 5.4 m in length, and 0.64 m in height. Figure 4.2
displays a picture and schematic of the pile-cap-structure, showing the spacing between piles
(3d). Figure 4.3 shows a picture of the single pile, 3x1 pile group, and transducers during model
preparation. Grids of colored sand were placed as well at intermediate depths to observe the
pattern of soil displacement around the piles (Fig. 4.4).

The models were excited by 30 cycles of a 100 Hz sinusoidal acceleration with uniform
amplitude of about 15g. At a centrifugal acceleration of 50g this corresponds to a frequency of 2
Hz and peak acceleration of about 0.3g.

The instrumentation used in Models 3x1-w and 3x1-v is shown in Fig. 4.1 and listed in Table
4.2. The models were instrumented with 21 accelerometers, 12 pore pressure transducers, and 8
LVDTs. Three instrumented piles (IP1, IP2 and IP3) were used in these models, as shown in Fig.
4.1. Detailed information about the strain gage configuration and the piles used (types Ul and
U2) is presented in section 2.7. Accelerations in the soil and outside the laminar box, excess pore
water pressure, lateral displacement of the soil and the pile heads, bending moments, and axial
forces were measured during the tests.
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Table 4.2: Location of instruments in Models 3x1-w and 3x1-v (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
Ain 73.5 17.75 16.5
Al 15 9 14
A2 15 9 11
A3 15 9 8
A4 15 9 4
A5 15 9 1
A6 43 16 8
A7 43 16 4
A8 43 7 11
Accelerometer A9 43 7 8
A10 43 7 4
All 43 7 1
Al2 44.75 41.25 0.63
Al3 41.25 41.25 0.63
Al4 43 43 0.63
AlS 42 42 0
Al6 72.5 17.75 16
Al7 71 17.75 11
Al8 71 17.75 8
A19 71 17.75 4
A20 71 17.75 1
P1 15 26.5 11
P2 15 26.5 8
P3 15 26.5 4
P4 15 26.5 1
P5 30 17.75 8
Pore pressure Po6 30 17.75 4
transducer P7 43 22.25 8
P8 43 22.25 4
P9 43 18.75 8
P10 43 18.75 4
P11 57 17.75 8
P12 57 17.75 4
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Table 4.2(cont.): Location of instruments in Models 3x1-w and 3x1-v (in model units)

Transducer Sensor Coordinates [cm]
name X Y V4
L1 0 17.75 11
L2 0 17.75 8
L3 0 17.75 4
LVDT L4 0 17.75 0.5
L5 44.75 16 -2
L6 44.75 19.5 -2
L7 15 16.5 2
L8 15 19 -2
IP 1 IP 1 IP 1
SGl1 43 14.25 12.5
SG2 43 14.25 11.5
SG3 43 14.25 8
SG4 43 14.25 4
P2 P2 IP2
SGl1 43 17.75 12.5
Strain gage SG2 43 17.75 11.5
SG3 43 17.75 8
SG4 43 17.75 4
IP3 IP 3 IP 3
SGl1 15 17.75 12.5
SG2 15 17.75 11.5
SG3 15 17.75 8
SG4 15 17.75 4
SG5 15 17.75 1.5
SG6 15 17.75 0.5

4.4 Model 3x1-w
4.4.1 Recorded Accelerations

Figure 4.5 shows the recorded input acceleration and soil acceleration time histories in the free
field at different depths. As expected, the measured input acceleration (Ain) had a uniform
prototype amplitude of 0.3g. Near the ground surface the soil acceleration dropped significantly
after one cycle due to the dynamic isolation of the shallower layers. At deeper elevations, large
negative spikes developed due to the dilative behavior of the saturated loose sand during lateral
spreading. Therefore, the records indicate the loose sand layer liquefied and displaced in the
downslope direction during shaking. On the other hand, the acceleration of the bottom layer (A1)
was very similar to the input acceleration, with the exception of small spikes probably caused by
a very small vibration of this layer with respect to the base.
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Figure 4.5: Soil acceleration time histories in the free field, Model 3x1-w

Figure 4.6 shows soil acceleration time histories close to the pile group and between piles in the
pile group. These records exhibit a drop in positive amplitude and spikes in the negative
direction, indicating the soil in the near field liquefied too. The negative spikes reveal a less
dilative behavior compared to the one in the free field.

Figure 4.7 presents acceleration time histories on the pile cap, as well as the measured horizontal
and vertical acceleration at the base of the box. The large vertical acceleration may have been
caused by a combined effect of the vertical acceleration at the base and an interaction with the
liquefied soil. The acceleration in the lateral spreading direction was even larger and had the
same frequency than the input motion. The recorded acceleration on the laminar rings (Fig. 4.8)
is in good agreement with the soil acceleration, showing a drop in positive amplitude and spikes
in the negative direction.
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Figure 4.6: Soil acceleration time histories in the near field, Model 3x1-w
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Figure 4.7: Accelerations recorded on the pile cap, Model 3x1-w
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Figure 4.8: Accelerations recorded on the laminar rings, Model 3x1-w
4.4.2 Recorded Excess Pore Pressures

Excess pore pressure time histories in the free field, next to the piles, and close to the pile group,
are shown in Figs. 4.9, 4.10, and 4.11 respectively. Except for a slight decrease in excess pore
pressure measured next to the external pile at a depth of 2 m in the 3x1 pile group, the records
indicate that the loose sand layer liquefied after about one cycle of shaking. The dissipation
process took only a few seconds, confirming the high permeability of the model.

4.4.3 Recorded Lateral Displacements

The recorded soil lateral displacement in the free field (Fig. 4.12) shows that the liquefied layer
displaced gradually during shaking, reaching a maximum displacement of approximately 155 cm
at the end of shaking. The single pile and pile group on the other hand, bounced back after
reaching a maximum lateral displacement of 35 and 26 cm respectively. This response is
consistent with the single pile displacement in Model 1x1-w, indicating the liquefied soil was
flowing around the piles.

The profiles of soil lateral displacement in the free field were obtained by interpolating the
LVDT measurements, after filtering out the cyclic component (Fig. 4.13). As soon as the loose
sand liquefied at the beginning of shaking, the deposit started moving downslope, with the
maximum displacement taking place always on the ground surface.
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Figure 4.9: Excess pore pressure time histories in the free field, the dashed lines
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Figure 4.10: Excess pore pressure time histories next to pile group, Model 3x1-w
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Figure 4.13: Profiles of soil lateral displacement in the free field, Model 3x1-w
4.4.4 Pattern of Soil Displacement around Piles

Grids of colored sand were placed at an intermediate depth to observe the pattern of soil
displacement around the piles. Figure 4.14 shows pictures of the soil condition around the single
pile and the pile group, after carefully removing the soil on top. The liquefied sand moved
around the individual piles, affecting the soil pattern very close to the piles themselves.
Therefore, the characteristic width perpendicular to the flow was the diameter of the piles. This
would indicate that the pressure of the liquefied soil acts only on the individual piles and not on
the soil in between.
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(b)
Figure 4.14: Pattern of soil displacement around piles at a depth of 3 m, (a) pile group,
(b) single pile, Model 3x1-w
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4.4.5 Recorded Bending Moments

Prototype bending moments measured in the pile group and single pile are presented in Figs.
4.15, 4.16, and 4.17. Profiles of bending moments in the center pile (IP2) are shown in Fig. 4.18,
after filtering out the cyclic component. These profiles are representative of all piles in the pile
group, since the bending moments in the center and external piles were practically the same. The
maximum moment at any given time occurred closed to the base of the liquefied layer, reaching
a maximum value at about 3 sec, which is also the time at which the pile group reached its
maximum deflection. Afterwards, the bending moment decreased despite the deformation of the
liquefied layer kept increasing until the end of shaking. Clearly after 3 sec the liquefied soil
started flowing around the piles, thus decreasing the exerted pressure on the piles.

Profiles of bending moment in the single pile (IP3) are shown in Fig. 4.19. The response of the
single pile was similar to the one of the pile group, with the bending moment reaching a
maximum value and decreasing afterwards. Even though the soil was liquefied during practically
all the excitation, it was able to push the pile at the beginning but then it softened and allowed
the pile to bounce back.
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Figure 4.15: Bending moment time histories, external pile (IP 1), Model 3x1-w
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Figure 4.20 shows the measured bending moment at the base of the liquefiable layer versus the
measured pile cap lateral displacement, after filtering out the cyclic component. The pile group
reached a maximum lateral displacement and bending moment and then bounced back during
shaking. The linear relationship between bending moment and pile cap displacement evidences
the linear elastic behavior of the pile-group-fixation system.

4.4.6 Limit Equilibrium Analysis

A limit equilibrium analysis was conducted to estimate the liquefied soil pressure acting on the
3x1 pile group. A student version of the software AVwin was used to model the pile group
subjected to the lateral force induced by lateral spreading. Given the fact that the bending
moments in all three piles were very similar and they were connected by a cap, only one pile was
modeled including one third of the cap, as shown in Fig. 4.21b. The pile was modeled with 30
elements, having a bending stiffness of 9000 kN-m” and the slightly cemented layer was
modeled with a rotational springs at the base of the liquefiable layer.

The pattern of soil deformation in Fig. 4.14 shows that the liquefied sand moved around each
pile, affecting the soil pattern close to the piles themselves. Therefore, the liquefied soil pressure
was assumed to act only on the piles and pile cap, which represents an effective area of 13.1 m?,
as shown in Fig. 4.21a. This pressure was assumed to be constant and independent of depth. The
force on each node was finally obtained by multiplying the soil pressure by the associated area.
A liquefied soil pressure of 8.3 kN/m” and a rotational stiffness of 8000 kN-m/rad at the base of
each pile were found to provide the best estimations of the maximum moment and pile cap
displacement. This is the same value used in the limit equilibrium analyses on the single pile in
chapter 3, showing the excellent repeatability of the models. The back-calculated bending
moment at the base of the liquefiable layer was 120 kN-m, the same value measured during the
test. The calculated pile cap lateral displacement was 27 cm, compared to the 26 cm measured
during the test. Table 4.3 summarizes some of the parameters used in the limit equilibrium
analysis, as well as measured and calculated values, showing an excellent agreement.
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Figure 4.20: Bending moment at the base of the liquefiable layer versus pile cap lateral
displacement, pile group, Model 3x1-w
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Table 4.3: Parameters used in the limit equilibrium analysis, as well as measured and
calculated values, Models 3x1-w and 3x1-v

Liquefied Rotational Max. bending Max. pile
Model [soil pressure| e, [m’] | stiffness moment [KN-m] cap disp. [cm]

[kN/m?] [kN-m/rad]| Measured | Calculated| Measured | Calculated
3x1-w 8.3 13.1 8000 120 120 26 27
3x1-v 8.3 39.3 8000 425 405 85 90

Max. bending moments measured and calculated at the base of the liquefiable layer

e, effective area subjected to liquefied soil pressure
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4.5 Model 3x1-v
4.5.1 Recorded Accelerations

Figure 4.22 shows the recorded input acceleration and soil acceleration time histories in the free
field at different depths. The input acceleration had a uniform amplitude of 0.33g, slightly more
than in Model 3x1-w. The acceleration records in the loose sand layer show a drop in positive
amplitude an large spikes in the negative direction, indicating this layer liquefied and displaced
in the downslope direction during shaking. On the other hand, the acceleration of the bottom
cemented layer (Al) was very similar to the input acceleration, with the exception of small
spikes probably caused by a very small vibration of this layer with respect to the base. The soil
acceleration close to the pile group and between piles in the pile group (Fig. 4.23) exhibited the
same behavior than in the free field.

The acceleration records on the pile cap and on the laminar rings, as shown in Figs. 4.24 and
4.25 respectively, are consistent with the trends observed in Model 3x1-w.

4.5.2 Recorded Excess Pore Pressures

The excess pore pressure records in the free field (Fig. 4.26) reveal that the soil did liquefy after
one or two cycles of shaking. Near the ground surface however, the excess pore pressure
decreased after a couple of cycles to values close to zero. As previously discussed in chapter 3,
large shear strains developed under low confinement and a slow dissipation process appear to be
responsible for this phenomenon.

The excess pore pressure records next the pile group are very revealing, especially at shallower
depths where a strong negative excess pore pressure developed early in the shaking (Fig. 4.27).
Even though the records at a deeper elevation do not exhibit such a dramatic response,
exceptional large spikes developed during the first half of shaking (Fig. 4.28).

Figure 4.29 shows excess pore pressure records in the free field and near field at a depth of 2 m,
after filtering out the cyclic component. As expected, the excess pore pressure in the free field
represents the upper limit. On the other hand, the negative excess pore pressure developed next
to the external pile corresponds to the lower limit.
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Figure 4.22: Soil acceleration time histories in the free field, Model 3x1-v
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Figure 4.23: Soil acceleration time histories in the near field, Model 3x1-v
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Figure 4.25: Accelerations recorded on the laminar rings, Model 3x1-v
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Figure 4.28: Excess pore pressure time histories downslope and upslope from pile group,
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If large shear strains under an undrained dilative response around the piles are largely
responsible for the development of negative excess pore pressures, the recorded pore pressure
next to the center and external piles should have been similar. However, the movement of
colored sand in Fig. 4.33a shows that the liquefied soil did not flow between the piles, indicating
the shear strains generated next to the center pile were smaller than the ones next to the external
piles. Therefore, it seems that the fluid was not able to flow fast enough from the free field to
dissipate the increments of negative pore pressure developed next to the external piles. As a
result, these increments built up generating large hydraulic gradients in the horizontal plane
toward these piles, gradients that must have induced a reduction of pore pressure next to the
center pile early in the shaking. This zone of influence appears to have expanded during the
excitation, reaching at about 7 sec the pore pressure transducer (P12) located on the downslope
side of the pile group.

Once the shaking process stopped, pore fluid from the free field moved toward the pile group to
compensate the negative and low excess pore pressure in this area. Figure 4.29b shows the
dissipation process, with the pore pressure slowly rising to the positive value existing at the same
depth in the free field. The excess pore pressure records expose a complex pile-soil-fluid
interaction, and probably the response involves other effects like the reduction in lateral stress on
the downslope side of the pile group.
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Figure 4.30: Long term excess pore pressure time histories in the free field, Model 3x1-v
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4.5.3 Recorded Lateral Displacements

The recorded soil lateral displacement in the free field shows that the liquefied layer displaced
gradually during shaking. Once the excitation ended, the lateral displacement stopped
immediately even thought the loose sand was still liquefied. The single pile and pile group
displaced laterally during shaking without ever bouncing back, reaching a maximum
displacement at the end of shaking of about 120 and 85 cm respectively. In fact, the single pile
head and ground surface lateral displacements were similar, suggesting the higher fluid viscosity
or lower soil permeability had a dramatic effect in the soil behavior close to the piles.
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Figure 4.31: Lateral displacement time histories, Model 3x1-v

The profiles of soil lateral displacement in the free field were obtained by interpolating the
LVDT measurements, after filtering out the cyclic component. As soon as the loose sand
liquefied at the beginning of shaking, the deposit started moving downslope, with the ground
surface reaching a maximum displacement of approximately 145 cm at the end of shaking.

143



Depth [m]

Nevada sand (Dr = 40%)

7 4 Slightly cemented sand L

gt
0 30 60 90 120 150 180

Lateral displacement [cm]

Figure 4.32: Profiles of soil lateral displacement in the free field, Model 3x1-v

4.5.4 Pattern of Soil Displacement around Piles

Grids of colored sand were placed at an intermediate depth to observe the pattern of soil
displacement around the piles. Figure 4.33 shows pictures of the soil condition around the single
pile and the pile group, after carefully removing the soil on top. Figure 4.33a shows that the
liquefied soil did not flow between the piles. As a result, the soil had to flow around the pile
group instead of around each individual pile, indicating the characteristic width perpendicular to
the flow was at least the width of the whole pile group. This tends to support the hypothesis that
the pressure of the liquefied soil acts on both piles and soil in between (Yokoyama et al., 1997),
with significant increase in lateral loads and pile bending moments. Figure 4.33b shows that the
pattern of soil deformation was affected up to a considerable distance at both sides of the single
pile, corroborating the existence of a larger area of influence than the pile width itself.

4.5.5 Recorded Bending Moments

Prototype bending moments measured in the pile group and single pile are presented in Figs.
4.34, 4.35, and 4.36. The profiles of bending moments in the center pile are representative of all
piles in the pile group, since the bending moments in the center and external piles were
practically the same. As expected, the maximum moment at any given time occurred close to the
base of the liquefied layer, reaching a maximum value at the end of shaking.
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Figure 4.33: Pattern of soil displacement around piles at a depth of 3 m, (a) pile group,
(b) single pile, Model 3x1-v
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On the other hand, the profiles of bending moment in Fig. 4.38 reveal a much different response
for the single pile. At deep elevations, the bending moment reached a very large positive value at
the end of shaking. In the upper 3 m however, the bending moment was negative during the
excitation. These profiles suggest that the soil near the ground surface behaved like a non-
liquefied layer. Probably, negative excess pore pressure developed near the surface stiffened the
soil next to the pile, generating a large force and restriction for the rotation of the pile head. This
force would also explain the large bending moment and pile displacement. However, it appears
that the large nonliquefied zone developed around the 3x1 pile group influenced the response of
the single pile, given the fact that no negative moments were measured in Model 1x1-v, which
simulates a single pile only, without a pile group nearby.

Figure 4.39 shows the measured bending moment at the base of the liquefiable layer versus the
measured pile cap lateral displacement, after filtering out the cyclic component. The almost
linear relationship between bending moment and pile cap displacement evidences the linear
behavior of the pile-group-fixation system.

4.5.6 Limit Equilibrium Analysis

A limit equilibrium analysis was conducted to back-calculate the maximum measured bending
moments and pile cap displacement. A student version of the software AVwin was used to model
the 3x1 pile group subjected to the lateral force induced by lateral spreading. Since the bending
moments of all three piles were very similar and they were connected by a cap, only one pile was
modeled including one third of the cap, as shown in Fig. 4.40b. The pile was modeled with 30
elements, having a bending stiffness of 9000 kN-m” whereas the slightly cemented layer was
modeled with a rotational springs at the base of the liquefiable layer.

The liquefied soil pressure used in the analysis was the same 8.3 kN/m?” previously estimated in
Model 3x1-w, and the force acting on each node was obtained by multiplying this pressure by
the corresponding area. Figure 4.33a clearly shows that the liquefied sand moved around the pile
group, affecting the soil pattern up to a considerable distance at both sides of the foundation,
suggesting that the liquefied soil pressure acted on the pile group, soil in between, and on the
sides to some extend. The area of influence on the sides must be related to the negative excess
pore pressure developed next to the piles, trend that was stronger at shallower depths. Therefore,
a good solution is to consider a triangular area of influence on both sides of the pile group
subjected to the soil pressure, as shown in Fig. 4.40a. Assuming a uniform pressure, an effective
area of 39.3 m* was found to provide the best estimate for the maximum bending moment at the
base of the liquefiable layer. On the other hand, the same rotational stiffness for each pile of
8000 kN-m/rad back-calculated in Model 3x1-w provided the best estimation for the maximum
pile cap lateral displacement.
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Figure 4.38: Profiles of bending moment, single pile (IP 3), Model 3x1-v

400 -
300 -

200 r

Bending moment [kN-m]

100 -

0 T T T T T T T T T T T T T T T
0 20 40 60 80

Pile head lateral displacements [cm]

Figure 4.39: Bending moment at the base of the liquefiable layer versus pile cap lateral
displacement, pile group, Model 3x1-v

149



| Axis of sypmimetry
54 m |

| 17m
. b e

0.64 m Pile cap E —>
! —a-_F-
: —
i -
, —
@ -
; —B
: —p
b — b
: —b
F —
i —

5,36 m E -
E -
i -
; -
f B
: B
: Effective area subjected B

Piles i to soil pressure ':
; E:%
E B
: lm B+
F B shin 00
.f- 25
b a— i
d=081m
(a) (b)

Figure 4.40: (a) Effective area subjected to liquefied soil pressure and (b) lateral view of the
model used for limit equilibrium analyses, Model 3x1-v

The back-calculated bending moment was 405 kN-m, compared to 425 kN-m measured at the
base of the liquefiable layer. The calculated pile cap lateral displacement was 90 cm, very similar
to the 85 cm measured during the test. Table 4.3 summarizes some of the parameters used in the

limit equilibrium analysis, as well as measured and calculated values, showing an excellent
agreement.

4.6 Comparison of Free Field Results between Model 3x1-w and 3x1-v

This section compares some of the free field results obtained in Models 3x1-w and 3x1-v, such
as: soil accelerations, excess pore pressures and soil lateral displacements. A detailed comparison
of the recorded results from all centrifuge tests as well as a discussion of the effect of soil
permeability on pile foundation response to lateral spreading is presented in Chapter 6. The
centrifuge models 3x1-w and 3x1-v simulated the response of a 3x1 pile group and a single pile
embedded in a two layer soil profile subjected to lateral spreading. The only difference between
these models is that the first one was saturated with water, while the second one was saturated
with a viscous fluid, simulating hence deposits of very different permeability in the field. A
sketch of the setup and instrumentation used in both cases is presented in Fig. 4.1.
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4.6.1 Comparison of Free Field Soil Accelerations

Figure 4.41 compares the free field soil accelerations measured in both centrifuge tests. The
measured input accelerations indicate that both models were subjected to practically the same
base excitation, which shows the very good repeatability and validates the direct comparison
between the tests. The soil acceleration records in the loose sand layer exhibit in both cases a
drop in positive amplitude after the first cycle of shaking due to the liquefaction process and
dynamic isolation of the shallower layers. These records also contain large negative spikes
during most of the excitation, with the spikes being considerably larger in the model saturated
with water, suggesting that the simulated coarse sand exhibited a more dilative behavior,
particularly near the ground surface. These phenomenon seems to be related with the fact that the
shear strains at shallow elevations were larger in Model 3x1-w, as discussed below.
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Figure 4.41: Comparison of soil acceleration in the free field between Model 3x1-w
and 3x1-v
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4.6.2 Comparison of Excess Pore Pressures

Figure 4.42 compares the excess pore pressures measured in the free field in Models 3x1-w and
3x1-v. In both tests, the records show that the in the free field the soil liquefied after about one or
two cycles of shaking, which is in agreement with the trend exhibited by the acceleration time
histories. In Model 3x1-v however, the excess pore pressure near the ground surface dropped and
stayed around zero. At deeper elevations, the records in the water-saturated model exhibit larger
negative spikes than in Model 3x1-v, being in some way consistent with the acceleration records.

Model 3x1-w Model 3x1-v

60 105m P4L 105m P4

Excess pore pressure [kPa]

Time [sec]

Figure 4.42: Comparison of excess pore pressure in the free field between Model 3x1-w
and 3x1-v

Figure 4.43 compares the excess pore pressures measured next to one of the external piles in the
pile group. In the model saturated with water, the soil close to the piles liquefied at the very
beginning of shaking. In Model 3x1-v however, a strong negative excess pore pressure
developed early in the shaking, pressure that was sustained until the end of the excitation. Even
though the record at a deeper elevation does not exhibit such a dramatic response, exceptional
large spikes developed during the first half of shaking. These records indicate that the excess
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pore pressure build-up near the ground surface in the free field, and close to the piles, is
significantly affected by the soil permeability. Most probably this negative excess pore pressure
stiffened the soil close to the piles, enabling it to maintain a strong force near the pile cap, which
would explain the large pile group displacement and bending moments. Even though there are no
pore pressure measurements next to the single pile, the response must have been similar in order
to explain the large pile displacement and shape of the bending moment profiles. As expected,
the dissipation process was highly dependent on the soil permeability; it took only a few seconds
in the simulated coarse sand layer (Model 3x1-w) and about five minutes in the simulated fine
sand layer (Model 3x1-v). The process of dissipation in Model 3x1-w was mainly vertical. In
Model 3x1-v however, besides the vertical dissipation, pore fluid from the free field moved
toward the pile group to compensate the negative and low excess pore pressure in this area.
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Figure 4.43: Comparison of excess pore pressure next to the external pile in the pile group,
between Model 3x1-w and 3x1-v

4.6.3 Comparison of Free Field Lateral Displacements

Figure 4.44 compares the free field lateral displacement profiles between Models 3x1-w and
3x1-v. In both tests, the loose layer started moving downslope as soon as it liquefied at the
beginning of shaking, with the maximum displacement at all times measured at the ground
surface. Even though the magnitude of the deformation at all times was very similar, the profiles
tended to have a different shape. In the water-saturated model, the shear strains had a tendency to
increase with height, whereas in Model 3x1-v the shear strains tended to decrease with height.
This trend is consistent with the response observe in the models simulating the single pile. The
loose sand layer in Model 3x1-w was so permeable that the dissipation process started before the
end of shaking, as shown in Fig. 4.42. This reduction in pore pressure must have increased the
soil stiffness near the bottom of the sand layer, explaining the lower shear strains compared to
the ones in Model 3x1-v. On the other hand, the reduction in pore pressure near the surface in
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Model 3x1-v appears to have been responsible for the low shear strains developed at shallow
elevations.

The cemented sand in both models did not experience permanent displacement and acted as a
solid layer during the excitation, as illustrated by its acceleration record being very similar to the
input.
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CHAPTER 5
EFFECT OF SOIL PERMEABILITY ON 2X2 PILE GROUP RESPONSE
TO LATERAL SPREADING

5.1 Introduction

In the previous chapters, the results revealed that the liquefied soil permeability played an
extremely important factor in the pile foundation response subjected to lateral spreading. The
pile foundations in the models saturated with water reached maximum lateral displacements and
bending moments and then bounced back during the excitation, whereas in the models saturated
with water the foundations did not bounce back, reaching much larger lateral displacements and
bending moments. Negative excess pore pressure developed close to the piles at shallow depths,
allowing an hypothesis on the reasons for the huge variation in overall response, especially
lateral displacement and bending moments.

This chapter presents in detail the results of two centrifuge tests conducted to investigate the
response of a 2x2 pile group to lateral spreading. These models simulate a 2x2 pile group
embedded in a two layer soil system, as shown in Fig. 5.1. The profile is the same one used in
the previous models, consisting of a liquefiable layer on top of a nonliquefiable layer.

The slightly inclined models were excited by practically the same input motion, so the results can
be compared. The only difference is that Model 2x2-w is saturated with de-aired/de-ionized
water, whereas Model 2x2-v is saturated with a methylcellulose-water solution (metulose)
having about 40 times the viscosity of water. Consequently, at a centrifugal acceleration of 50g,
these models simulate deposits with very different permeability in the field.

A description of the models is presented in section 5.3, whereas the model preparation followed
the same steps already described in section 3.2. Experimental results of Models 2x2-w and 2x2-v
are presented and discussed in sections 5.4 and 5.5 respectively. Also, a basic limit equilibrium
analysis is developed to back-calculate the maximum bending moments and pile group lateral
displacement due to lateral spreading. Section 5.6 compares the two tests and discusses the
difference in response due to the soil permeability effect.

5.2 Model Preparation

Preparation of Models 2x2-w and 2x2-v followed the same steps already described in section 3.2.
In both models a single pile was placed before the soil was pluviated, attempting to simulate a
pile installed with minimal disturbance to the surrounding soil, as may be the case when a pile is
inserted into a pre-augered hole.
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Figure 5.1 (cont.): (b) Transversal section of Models 2x2-w and 2x2-v

Table 5.1: Testing properties of centrifuge Models 2x2-w and 2x2-v

Pile #of [# of instrument.| _. # of Fluid
Model Pile cap ) )
configuration| piles piles layers | viscosity ()
2x2-w 2x2 4 2 yes 2 1
2x2-v 2x2 4 2 yes 2 38

5.3 Models Description

The setup and instrumentation used in Models 2x2-w and 2x2-v are presented in Fig. 5.1. These
models simulate a 2x2 pile group connected with a pile cap. The prototype profile consists of a 6
m thick Nevada sand layer placed at a relative density of about 40%, on top of a 2 m thick
nonliquefiable cemented layer. The models, inclined 2° to the horizontal (4.8° after instrumental
correction; Taboada, 1995), simulate an infinite mild ground slope. The main and only difference
between both models is that Model 2x2-w is saturated with de-aired/de-ionized water, whereas
Model 2x2-v is saturated with a methylcellulose-water solution (metulose) having about 40 times
the viscosity of water. At a centrifugal acceleration of 50g the loose Nevada sand in Model 2x2-
w simulates a coarse sand, whereas in Model 2x2-v it simulates a fine sand.

The embedded piles have a prototype diameter (d) of 60 cm and a prototype bending stiffness
(EI) of approximately 9000 kN-m®. The square aluminum cap, embedded in the loose Nevada
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sand, has prototype dimensions of 3.6 m in width, and 0.64 m in height. Figure 5.2 displays a
picture and schematic of the pile-cap-structure, showing the spacing between piles (3d). Figure
5.3 shows a picture of the pile group and transducers during model preparation. Colored sand

was placed as well at an intermediate depth to observe the pattern of soil displacement around
the piles (Fig. 5.4).

i
é:g /___

B
-
i

Figure 5.2: Pile-cap-structure, (a) schematic, (b) picture, Models 2x2-w and 2x2-v
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Figure 5.3: Model during preparation, Models 2x2-w and 2x2-v

Both models were excited by 30 cycles of a 100 Hz sinusoidal acceleration with uniform
amplitude of about 15g. At a centrifugal acceleration of 50g this corresponds to a frequency of 2
Hz and peak acceleration of about 0.3g.

The instrumentation used in Models 2x2-w and 2x2-v is shown in Fig. 5.1 and listed in Table
5.2. The models were instrumented with 18 accelerometers, 11 pore pressure transducers, and 6
LVDTs. Two instrumented piles (IP1 and IP2) were used in the pile group foundation, as shown
in Fig. 5.1a. Detailed information about the strain gage configuration and the piles (type Ul)
used in these models is presented in section 2.7. Accelerations in the soil and outside the laminar
box, excess pore water pressure, lateral displacement of the soil and the pile cap, bending
moments, and axial forces were measured during the tests.

5.4 Model 2x2-w
5.4.1 Recorded Accelerations

Figure 5.5 shows the recorded input acceleration and soil acceleration time histories in the free
field (far from the pile group) at different depths. As expected, the measured input acceleration
(Ain) had a uniform prototype amplitude of 0.3g. The acceleration records in the loose sand layer
show a drop in positive amplitude and large spikes in the negative direction, indicating this layer
did liquefy during the excitation. This decrease in positive amplitude is related to the difficulty
shear waves have in traveling through the liquefied soil due to its significant reduction in

159



stiffness and strength. On the other hand, the acceleration of the bottom layer was very similar to
the input acceleration, indicating no sliding occurred between this layer and the base of the
laminar box. The soil acceleration between piles dropped after one or two cycles, as shown in
Fig. 5.6, indicating that liquefaction occurred in this area too. However, the smaller spikes
compared to the ones in the free field seems to be related to the confining effect of the pile
group. The increase in acceleration at a depth of 5.5 m was probably caused by the influence of
one of the piles, as that accelerometer (A7) was moving downslope during shaking.

' T direction of lateral spreadin*g:ﬁ-ff

(b)
Figure 5.4: Colored sand placed at an intermediate depth, (a) Model 2x2-w,
(b) Model 2x2-v
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Table 5.2: Location of instruments in Models 2x2-w and 2x2-v (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
Ain 73.5 17.75 16.5
Al 60 17.75 14
A2 60 17.75 11
A3 60 17.75 8
A4 60 17.75 4
A5 60 17.75 1
A6 35 18.25 11
A7 35 18.25 8
Accelerometer A8 35 18.25 4
A9 39 20.5 0.63
Al0 32 20.5 0.63
All 32.75 15 0
Al2 355 14.25 0.63
Al3 72.5 17.75 16
Al4 71 17.75 11
AlS 71 17.75 8
Al6 71 17.75 4
Al7 71 17.75 1
P1 10 17.75 11
P2 10 17.75 8
P3 10 17.75 4
P4 10 17.75 1
Pore pressure P5 36 17.25 11
transducer P6 36 17.25 8
P7 36 17.25 4
P8 50 17.75 11
P9 50 17.75 8
P10 50 17.75 4
P11 50 17.75 1

161




Table 5.2 (cont.): Location of instruments in Models 2x2-w and 2x2-v (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
L1 0 17.75 11
L2 0 17.75 8
LVDT L3 0 17.75 4
L4 0 17.75 0.5
L5 32 17.75 -2
L6 39 17.75 -2
IP 1 IP 1 IP 1
SG1 33.75 16 12.5
SG2 33.75 16 11.5
SG3 33.75 16 8
Strain gage SG4 33.75 16 4
1P 2 1P 2 1P 2
SG1 37.25 19.5 12.5
SG2 37.25 19.5 11.5
SG3 37.25 19.5 8
SG4 37.25 19.5 4

Figure 5.7 presents accelerations recorded on the pile cap, as well as the measured horizontal and
vertical acceleration at the base of the laminar box. As expected, the vertical and perpendicular
accelerations of the pile cap were very small. The acceleration in the lateral spreading direction
was larger and had the same frequency of the input motion. The acceleration records on laminar
rings (Fig. 5.8) exhibit a drop in positive amplitude and spikes in the negative direction, showing
a good agreement with the free field soil accelerations of Fig. 5.5.

5.4.2 Recorded Excess Pore Pressures

The excess pore pressure records reveal that the loose sand in the free field (far from the pile
group) liquefied after about one or two cycles of shaking (Fig. 5.9), in agreement with the trend
exhibited by the acceleration time histories. However near the ground surface, the pore pressure
on the downslope side of the pile group (P11) did not increase during shaking. The fact that the
pore pressure did not raise just after the excitation due to the dissipation process, suggests that
this pore pressure (P11) must have moved toward the surface at the beginning of the excitation.

The excess pore pressure time histories between piles indicate the soil in this area also liquefied
(Fig. 5.10). The excess pore pressures were slightly lower than in the free field, probably related
to the fact the initial vertical effective stresses were smaller below the pile cap. The dissipation
process took only a few seconds, confirming the high permeability of the model.
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Figure 5.5: Soil accelerations time histories in the free field, Model 2x2-w
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5.4.3 Recorded Lateral Displacements

The recorded soil lateral displacement in the free field (Fig. 5.11) shows that the liquefied layer
displaced gradually during shaking, reaching a maximum displacement of approximately 150 cm
at the end of shaking. The pile cap on the other hand, bounced back after reaching a maximum
lateral displacement of approximately 7 cm at the beginning of the excitation. This decrease in
displacement occurred despite the fact the free field deformation kept increasing until the end of
shaking, indicating clearly that the liquefied soil was flowing around the foundation.

The profiles of soil lateral displacement in the free field were obtained by interpolating the
LVDT measurements, after filtering out the cyclic component (Fig. 5.12). As soon as the loose
sand liquefied at the beginning of shaking, the deposit started moving downslope, with the
maximum displacement taking place always on the ground surface.
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Figure 5.11: Lateral displacement time histories, Model 2x2-w
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Figure 5.12: Profiles of soil lateral displacement in the free field, Model 2x2-w

5.4.4 Pattern of Soil Displacement around Piles

Figure 5.13 shows the pattern of soil displacement around the pile group at an intermediate
elevation. Even though it is not possible to observe in this picture (Fig. 5.13) the soil condition
around each pile, the soil close to the pile group moved the same amount that in the free field.
This indicates that the liquefied soil moved around each individual pile, instead of around the
pile group. Therefore, the characteristic width perpendicular to the flow was the diameter of the
piles. This would tend to support the hypothesis that the pressure of the liquefied soil acts only
on the individual piles and not on the soil in between, contrary to the recommendation by
Yokoyama et al. (1997) discussed in chapter 1.
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Figure 5.13: Pattern of soil displacement around pile group at a depth of 4 m, Model 2x2-w
5.4.5 Recorded Bending Moments

Prototype bending moments were obtained with the strain gage measurements at different
elevations. Since bending moments can be estimated from quarter and half bridge configurations,
four records were obtained for the upslope pile IP1 and downslope pile IP2, as shown in Figs.
5.14 and 5.15 respectively. Profiles of bending moments for both piles are presented in Fig. 5.16,
after filtering out the cyclic component. The profiles in the upslope and downslope piles are
practically the same, with the maximum moments taking place close to the base of the liquefied
layer and at the connection with the pile cap. The bending moments reached a maximum value at
about 3 sec, which is also the time at which the pile cap reached its maximum deflection.
Afterwards, the bending moments decreased despite the fact that the free field deformation
associated with the lateral spreading kept increasing until the end of shaking. After 3 sec the
liquefied soil seemed to be flowing around the piles, following the same trend observed in the
previous centrifuge tests using water as pore fluid.
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Figure 5.14: Bending moment time histories, upslope pile (IP 1), Model 2x2-w
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Model 2x2-w
Figure 5.17 shows the measured pile bending moment at the base of the liquefiable layer versus
the measured pile cap lateral displacement, after filtering out the cyclic component. The pile
group reached a maximum lateral displacement and bending moment and then bounced back
during shaking. The almost linear relationship between bending moment and pile cap
displacement indicates an approximately linear elastic behavior of the pile-group-fixation
system.

5.4.6 Recorded Axial Forces

Prototype axial force time histories were also obtained with the strain gage measurements. Since
axial forces can be estimated only from a quarter bridge configuration, two measurement
histories were obtained for the upslope pile IP1 and downslope pile IP2, as shown in Figs. 5.18
and 5.19 respectively. Positive values represent tension while negative ones represent
compression. The axial forces were zeroed at the beginning of shaking, and therefore represent
the change in axial force during the excitation.
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Figure 5.19: Axial force time histories, downslope pile (IP 2), Model 2x2-w

As expected, the upslope pile IP1 was in tension during the excitation, averaging a force of 100
kN. The measured force in the downslope pile was also positive, with an average value of 10 kN,
suggesting that the whole pile group was pulled upwards during the shaking. The excess pore
pressure must have applied a large pressure under the pile cap, generating tensional forces on the
pile that were added to the ones induced by the frame effect. As a result, a tensional force in each
pile of about + 55 kN appears to have superimposed to the + 45 kN forces generated by the
frame effect.

5.4.7 Limit equilibrium analysis

A limit equilibrium analysis was conducted to estimate the liquefied soil pressure acting on the
pile group. A student version of the software AVwin was used to model the pile group subjected
to the lateral force induced by lateral spreading. A 2-D analysis of this 3-D system could be
conducted due to the symmetry of the 2x2 pile group, as shown in Fig. 5.20b. Each pile was
modeled with 31 elements, having a bending stiffness of 9000 kN-m?, whereas the pile cap was
modeled with three rigid elements. Since the measured bending moments in the upslope and
downslope piles were very similar, articulated elements were used to transfer part of the lateral
load from the upslope to the downslope pile. The slightly cemented layer was modeled with
rotational springs at the base of the liquefiable layer.

The pattern of soil deformation in Fig. 5.13 showed that the liquefied sand moved around each
pile, affecting the soil pattern close to the piles themselves. Therefore, the liquefied soil pressure
was assumed to act only on the upslope piles and pile cap, which represents a total effective area
of 8.6 m%, as shown in Fig. 5.20a. This pressure was assumed to be constant and independent of
depth. The force on each node was finally obtained by multiplying the soil pressure by the
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associated area. A liquefied soil pressure of 16 kN/m” and a rotational stiffness of 8000 kN-
m/rad at the base of each of the two piles in Fig. 5.20b were found to provide the best
estimations of the maximum pile bending moment and pile cap displacement. The back-
calculated bending moment was 56 kN-m, very similar to the 58 kN-m measured at the base of
the liquefiable layer. The calculated pile cap lateral displacement was 5 cm, compared to the 7
cm measured during the test. The calculated axial force was 63 kN in the upslope pile and — 63
kN in the downslope pile, compared to the * 45 kN estimated in the test, after subtracting the
vertical force acting on the pile group, as discussed in the previous section. Table 5.3
summarizes some of the parameters used in the limit equilibrium analysis, as well as measured
and calculated values, showing very good agreement.
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Figure 5.20: (a) Effective area subjected to liquefied soil pressure and (b) lateral view of
the model used for limit equilibrium analyses, Model 2x2-w

5.5 Model 2x2-v
5.5.1 Recorded Accelerations

Figure 5.21 shows the recorded input acceleration and soil acceleration time histories in the free
field (far from the pile group) at different depths. The input acceleration had a uniform amplitude
of 0.27g, slightly less than in Model 2x2-w. The acceleration records in the loose sand layer
show a drop in positive amplitude and large spikes in the negative direction, spikes that are
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related to the dilative behavior of the saturated loose sand during lateral spreading. Therefore,
these records indicate the loose sand layer liquefied and displaced in the downslope direction
during shaking. On the other hand, the acceleration of the bottom layer was identical to the input
acceleration, indicating no sliding occurred between this layer and the base of the laminar box.

The soil acceleration between piles (Fig. 5.22) was very similar to the one in the free field,
giving evidence of liquefaction in the pile group area. Figure 5.23 presents accelerations
recorded on the pile cap, as well as horizontal and vertical acceleration at the base of the laminar
box. As expected, the vertical and perpendicular acceleration of the pile cap were small. In the
direction of lateral spreading however, the acceleration record contains large spikes. The
acceleration records on the laminar rings (Fig. 5.24) exhibit a drop in positive amplitude and
spikes in the negative direction, showing a good agreement with the soil acceleration.
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Figure 5.21: Soil acceleration time histories in the free field, Model 2x2-v
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5.5.2 Recorded Excess Pore Pressures

The excess pore pressure time histories in the free field reveal that the loose sand layer liquefied
after about one or two cycles of shaking. Near the ground surface however, the excess pore
pressure record on the downslope side of the pile group exhibits large negative spikes. This
reduction in pore pressure seems to be related to a decrease in lateral stress on the downslope
side of the pile cap. The excess pore pressure records between piles indicate that at least below 4
m the soil in this area did liquefy after about two cycles (Fig. 5.26), in agreement with the
acceleration records.

The long term excess pore pressure records in the free field show that the dissipation process
progressed from the bottom up toward the ground surface (Fig. 5.27). Each layer of soil
remained liquefied until the excess pore pressure at deeper elevations dissipated to the extent of
reaching the same value of that layer. The dissipation process took more than five minutes, in
prototype units, confirming the low permeability of the model.
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Figure 5.26: Excess pore pressure time histories between piles, the dashed lines correspond
to initial liquefaction, Model 2x2-v
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Figure 5.27: Long term excess pore pressure time histories in the free field, Model 2x2-v
5.5.3 Recorded Lateral Displacements

The recorded soil lateral displacement in the free field (Fig. 5.28) shows that the liquefied layer
displaced gradually during shaking. Once the excitation ended, the lateral displacement stopped
immediately even thought the loose sand was still liquefied. The pile group displaced laterally
during shaking without ever bouncing back, reaching a maximum displacement of about 45 cm
at the end of shaking.

The profiles of soil lateral displacement in the free field were obtained by interpolating the
LVDT measurements, after filtering out the cyclic component (Fig. 5.29). As soon as the loose
sand liquefied at the beginning of shaking, the deposit started moving downslope, with the
ground surface reaching a maximum displacement of approximately 125 cm at the end of
shaking.

5.5.4 Pattern of Soil Displacement around Piles

The colored sand movement at an intermediate depth (Fig. 5.30) clearly shows that the liquefied
soil did not flow between the piles, indicating the soil moved around the pile group instead of
around each individual pile. Consequently, the characteristic width perpendicular to the flow was
at least the width of the whole pile group. This tends to support the hypothesis that the pressure
of the liquefied soil acts on both piles and soil in between, with significant increase in lateral
loads and pile bending moments, in agreement with the recommendation by Yokoyama et al.
(1997).
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Figure 5.30: Pattern of soil displacement around pile group at a depth of 4 m, Model 2x2-v

5.5.5 Recorded Bending Moments

Prototype bending moments measured in the upslope pile IP1 and downslope pile IP2 are
presented in Figs. 5.31, and 5.32 respectively. The bending moment profiles in the upslope and
downslope piles (Fig. 5.33) are practically the same, with the maximum moments taking place
close to the base of the liquefied layer and at the connection with the pile cap. The bending
moments reached a maximum value of about 380 kN-m at the end of shaking, without ever
bouncing back, being consistent with the pile cap displacement.

Figure 5.34 shows the measured bending moment at the base of the liquefiable layer versus the
measured pile cap lateral displacement, after filtering out the cyclic component. The almost
linear relationship between bending moment and pile displacement evidences the linear behavior
of the pile-group-fixation system.
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Figure 5.31: Bending moment time histories, upslope pile (IP 1), Model 2x2-v
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5.5.6 Recorded Axial Forces

Prototype axial force time histories were obtained with the strain gage measurements. Since axial
forces can be estimated only from a quarter bridge configuration, two measurement histories
were obtained for the upslope pile IP1 and downslope pile IP2, as shown in Figs. 5.35 and 5.36
respectively. Positive values represent tension while negative ones represent compression. The
axial forces were zeroed at the beginning of shaking, and therefore represent the change in axial
force during the excitation.

As expected, the upslope pile IP1 was in tension during the excitation, reaching a maximum
force of about 500 kN. The downslope pile IP2 was under compression, reaching a force of about
- 350 kN at the end of the excitation. This difference in forces would tend to support the
hypothesis discussed in section 5.4.6 that the pile group is pushed upward during shaking by the
excess pore pressure under the pile cap. Consequently, a tensional force in each pile of about +75
kN appears to have superimposed to the + 425 kN forces generated by the frame effect. This
force does not differ much from the 55 kN estimated in Model 2x2-w.
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Figure 5.35: Axial force time histories, upslope pile (IP 1), Model 2x2-v
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Figure 5.36: Axial force time histories, downslope pile (IP 2), Model 2x2-v
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5.5.7 Limit equilibrium analysis

A limit equilibrium analysis was conducted to back-calculate the maximum measured bending
moments and pile cap displacement (Fig. 5.37). A student version of the software AVwin was
used to model the pile group subjected to the lateral force induced by lateral spreading. A 2-D
analysis was conducted due to the symmetry of the 2x2 pile group, as shown in Fig. 5.37b. Each
pile was modeled with 31 elements, having a bending stiffness of 9000 kN-m?, whereas the pile
cap was modeled with three rigid elements. Since the measured bending moments in the upslope
and downslope piles were very similar, articulated elements were used to transfer part of the
lateral load from the upslope to the downslope pile. The slightly cemented layer was modeled
with rotational springs at the base of the liquefiable layer.

The liquefied soil pressure used in the analysis was the same 16 kN/m” estimated in Model 2x2-
w, and the force acting on each node was obtained by multiplying this pressure by the
corresponding area. Figure 5.30 clearly shows that the liquefied sand moved around the pile
group, affecting the soil pattern up to a considerable distance at both sides of the foundation,
suggesting that the liquefied soil pressure acted on the pile group, soil in between, and on the
sides to some extent. Following the same assumption used on the single pile (section 3.5.8) and
3x1 pile group (section 4.5.6), the soil pressure was considered to act also on a triangular area, as
shown in Fig. 5.37a. If the pressure is assumed to be uniform and independent of depth, an
effective area of 46.2 m”> was found to provide the best estimation for the maximum bending
moment at the base of the liquefiable layer. On the other hand, a rotational stiffness of 5000 kN-
m/rad at the base of each of the piles gave the best estimation for the maximum pile cap lateral
displacement.

The back-calculated bending moment was 340 kN-m, close to the 375 kN-m measured at the
base of the liquefiable layer. The calculated pile cap lateral displacement was 42 cm, very similar
to the 45 cm measured during the test. The calculated axial force was 480 kN in the upslope pile
and — 480 kN in the downslope pile, compared to the = 435 kN estimated in the test, after
subtracting the vertical force acting on the pile group, as discussed in section 5.5.6. Table 5.3
summarizes some of the parameters used in the limit equilibrium analysis, as well as measured
and calculated values, showing very good agreement.

5.6 Comparison of Free Field Results between Model 2x2-w and 2x2-v

This section compares some of the free field results obtained in Models 2x2-w and 2x2-v such
as: soil accelerations, excess pore pressures and soil lateral displacements. A detailed comparison
of the recorded results from all centrifuge tests as well as a discussion of the effect of soil
permeability on pile foundation response to lateral spreading is presented in Chapter 6. The
centrifuge models 2x2-w and 2x2-v simulated the response of a 2x2 pile group embedded in a
two layer soil profile subjected to lateral spreading. The only difference between these models is
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that the first one was saturated with water, while the second one was saturated with a viscous

fluid, simulating hence deposits of very different permeability in the field. A sketch of the setup
and instrumentation used in both cases is presented in Fig. 5.1.

5.6.1 Comparison of Free Field Soil Accelerations

Figure 5.38 compares the free field soil accelerations measured in both centrifuge tests. The
measured input accelerations indicate that both models were subjected to practically the same
base excitation, which shows very good repeatability and validates the direct comparison
between the tests. The soil acceleration records in the loose sand layer exhibit in both cases a
drop in positive amplitude after the first cycle of shaking due to the liquefaction process and
dynamic isolation of the shallower layers. These records also contain large negative spikes
during most of the excitation, with the spikes being slightly larger in the model saturated with
water. Nevertheless, the results indicate that soil acceleration in the free field was not
significantly affected by the fluid viscosity or soil permeability.
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Figure 5.37: (a) Effective area subjected to liquefied soil pressure and (b) lateral view of
the model used for limit equilibrium analyses, Model 2x2-v
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Figure 5.38: Comparison of soil acceleration in the free field between
Model 2x2-w and 2x2-v

5.6.2 Comparison of Excess Pore Pressures

Figure 5.39 compares the excess pore pressures measured in the free field in Models 2x2-w and
2x2-v. In both tests, the records show that the sand in the free field liquefied after about one or
two cycles of shaking, which is in agreement with the trend exhibited by the acceleration time
histories. Near the ground surface however, the pore pressure on the downslope side of the pile
group (P11) was lower than expected, exhibiting even negative spikes at the beginning of
shaking in Model 2x2-v. In Model 2x2-w, as explained in section 5.4.2, the pore pressure
transducer appears to have moved towards the surface. However, in the model saturated with
viscous fluid, this response seems to be related to a reduction in lateral stress on the downslope
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side of the cap, since on the upslope side the soil did liquefy (P4 in Fig. 5.9). The excess pore
pressure time histories recorded between piles indicate that the soil in this area liquefied at the
beginning of shaking, as shown in Fig. 5.40. Unfortunately, the pore pressure transducer at 2 m
depth (P7) in Model 2x2-v malfunctioned.

These records indicate that the excess pore pressure build-up in the free field and at least below 4
m depth inside the pile group area was not significantly affected by the soil permeability. The
dissipation process however, was highly dependent on the permeability; it took only a few
seconds in the simulated coarse sand layer (Model 2x2-w), and about five minutes in the
simulated fine sand layer (Model 2x2-v).
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Figure 5.39: Comparison of excess pore pressure in the free field between
Model 2x2-w and 2x2-v
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5.6.3 Comparison of Free Field Lateral Displacements

Figure 5.41 compares the free field lateral displacement profiles between Models 2x2-w and
2x2-v. In both tests, the loose layer started moving downslope as soon as it liquefied at the
beginning of shaking, with the maximum displacement at all times measured at the ground
surface. Even though the magnitude of the deformation at all times was very similar, the profiles
in Model 2x2-v tended to be more curved than the ones in the water saturated model. This trend
is consistent with the response observe in the previous centrifuge tests conducted in this study.
The loose sand layer in Model 2x2-w was so permeable that the dissipation process started
before the end of shaking, as shown in Fig. 5.40. This reduction in pore pressure must have
increased the soil stiffness near the bottom of the sand layer, explaining the lower shear strains
compared to the ones in Model 2x2-v. On the other hand, the reduction in pore pressure near the
surface in the Model 2x2-v appears to have been responsible for the low shear strains developed
at shallow elevations.

The cemented sand in both models did not experience permanent displacement and acted as a
solid layer during the excitation, as illustrated by its acceleration record being essentially
identical to the input shaking.
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CHAPTER 6
SUMMARY AND DISCUSSIONS ON SOIL PERMEABILITY EFFECT
ON PILE RESPONSE TO LATERAL SPREADING

6.1 Introduction

A series of centrifuge tests were conducted to study the effect of soil permeability on pile
foundation response to lateral spreading. Three model setups consisting of a single pile, a 3x1
pile group, and a 2x2 pile group were tested using fine Nevada sand saturated with water as pore
fluid, simulating a liquefiable coarse sand layer. These models were then repeated, using the
same fine Nevada sand, but saturated with a viscous fluid, hence simulating a loose layer of fine
sand. Chapters 3, 4 and 5 presented the experimental results, data interpretation and analyses of
these models. Special attention was put on the following parameters during model preparation
and testing to ensure a good repeatability of the tests: amplitude of the input acceleration, relative
density of the liquefiable layer, compaction of the slightly cemented layer, and viscosity of the
pore fluid. The instrumentation within the liquefiable layer consisted of accelerometers and pore
pressure transducers placed close and far from the foundations, pairs of strain gages along the
piles, and grids of colored sand placed at intermediate elevations.

This chapter summarizes the results and trends observed in these six centrifuge tests, providing
evidence of the important effect of soil permeability on the response of single piles and pile
groups subjected to lateral spreading, in particular to the bending moments and pile
displacements. This summary is divided into the following subsections: soil acceleration in the
free field, excess pore pressure development, piles and soil lateral displacement, soil pattern
displacement around piles, pile bending moments, bending moment versus pile displacement,
limit equilibrium analysis, and p-y curve analysis on the single pile. Table 6.1 summarizes the
properties and measurements from the centrifuge tests, while Table 6.2 summarizes the results
obtained in the limit equilibrium analysis. Conclusions and recommendations are presented in
chapter 9.

6.2 Summary of Soil Acceleration in the Free Field

The measured input accelerations in the six centrifuge tests provide evidence that the models
were excited by practically the same input motion, with the amplitude of the sinusoidal
acceleration being very close to 0.3g in prototype units, as summarized in Table 6.1. This shows
very good repeatability of the large 1-D shaker and validates the direct comparison between the
tests. Some of the trends observed from the soil acceleration records in the free field, as shown in
Figs. 3.39, 4.41 and 5.38, are that: (i) the positive amplitude decreased significantly at the
beginning of shaking due to the liquefaction process, especially at shallow elevations where the
soil became isolated from the base motion; (ii) the acceleration records contain large negative
spikes due to the dilative behavior of the saturated loose sand during lateral spreading, with the
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spikes being larger at deeper elevations due to the higher confinement, and usually being larger
in the models saturated with water than in the ones saturated with viscous fluid; and (iii) the
acceleration of the bottom layer was very similar to the input acceleration, indicating no sliding
occurred between this layer and the base of the laminar box, being consistent with the fact that
the bottom laminar ring was fixed to the base.

The larger spikes observed in the models saturated with water, especially at about 2 m depth,
appear to be related with the larger shear strains developed in these models near the ground
surface. Except for this behavior, the soil acceleration in the free field does not seem to have
been significantly affected by the soil permeability.

6.3 Summary of Excess Pore Pressure Development

As already mentioned, soil permeability is one of the most important parameters in this series of
tests. Since fluid viscosity is very sensitive to temperature, before each saturation process the
methylcellulose-water mixture (metulose) was calibrated using a standard glass capillary
viscometer. The viscous fluid used in Models 1x1-v, 3x1-v and 2x2-v had approximately 40
times the viscosity of water, as summarized in Table 6.1, simulating hence a fine sand with a
permeability very close to the one of Nevada sand in the field. The dissipation process in these
models was very similar, as illustrated in Fig. 6.1, confirming that the permeability of the loose
sand layer was practically the same.

Table 6.1: Summary of properties and measurements from centrifuge tests

Model Ixl-w | 1xI-v | 3xI-w | 3x1-v | 2x2-w | 2x2-v
Pile configuration 1 x 1 (single) 3x1° 2x zb
Pile cap No No Yes Yes Yes Yes
Fluid viscosity (p,,: viscosity of water) 1 42 1 40 1 38

Measured input acceleration amplitude [g] 0.3 0.3 0.3 0.33 0.3 0.27

Max. free field displacement [cm] 165 140 155 145 150 125
Max. pile displacement [cm] 28 85 26 85 7 45
Time occurring max. pile displacement [sec] 6 16 3 16 3 16
Max. bending moment [kN-m] 120 360 120 425 58 375
Time occurring max. bending moment [sec] 6 16 3 16 3 16

Notes:

All measurements presented are in prototype units, and evaluated after filtering out the cyclic component.

The maximum bending moment is representative of all piles in the 3x1 pile group.

The maximum bending moment was measured at the base of the liquefiable layer and is representative of all

piles in the 2x2 pile group.
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Figure 6.1: Comparison of excess pore pressure dissipation in the models saturated with
viscous fluid

The summary of the observed trends of the recorded excess pore pressure is divided in three
groups: short-term in the free field (far from the piles), short-term in the near field (close to the
piles), and long term (dissipation process).

6.3.1 Short-Term in the Free Field

In the water-saturated models the pore pressure records indicate that the soil in the free filed did
liquefy after about one or two cycles of shaking, in agreement with the trend exhibited by the
acceleration records. A similar response was observed in the models saturated with viscous fluid;
however, near the ground surface the excess pore pressure decreased after a couple of cycles to
values below or close to zero. Shear strains developed under low confinement and a slow
dissipation process appears to be responsible for this phenomenon. Figures 3.40, 4.42 and 5.39
summarize the free field excess pore pressure records in all the centrifuge tests.

6.3.2 Short-Term in the Near Field

Figures 3.41, 4.43 and 5.40 summarize the effect of soil permeability in the excess pore pressure
development close to the piles in all the centrifuge tests. At deeper elevations, the records
indicate that the soil close to the piles liquefied after about one or two cycles of shaking,
independently of the soil permeability. However, at shallow elevations the records are very
revealing, showing a huge effect of the fluid viscosity or soil permeability on the excess pore
pressure development.

In the models saturated with water the pore pressure near the piles exhibited some tendency to
decrease during shaking, especially near the ground surface. However, the permeability of the
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soil was so high, that water flowed fast from the free field dissipating the potential negative
increments in pore pressure. In the models saturated with viscous fluid this tendency was much
stronger, with the excess pore pressure reaching large negative values, particularly at shallow
elevations. The reduction in lateral stress on the downslope side of the piles, as well as large
shear strains with a dilative response of the liquefied soil close to the foundations, seems to have
been responsible for the negative increments of pore pressure developed near the piles. Besides,
the pore fluid flow from the free field was not fast enough to dissipate these negative increments,
allowing a nonliquefied zone to develop and expand during the excitation, particularly at shallow
elevations. In Model 1x1-v, this nonliquefied zone around the single pile had at the end of the
excitation the approximate shape of an inverted cone, reaching a depth of about 1.5 m, as
illustrated in the snapshots taken from the visualizations (Figs. 3.26d and 3.38c). Even though no
visualization was made for Model 3x1-v, the pore pressure records suggest that the nonliquefied
zone around the 3x1 pile group had also an approximate inverted cone shape. This zone was
however much wider and deeper than the one in Model 1x1-v, reaching a depth of about 3 to 4 m
next to the piles. Unfortunately, no pore pressure transducers were placed next to the 2x2 pile
group and single pile in Model 3x1-v. However, it is speculated that negative excess pore
pressure must have developed close to the piles at shallow elevations in order to explain the pile
foundation response.

6.3.3 Long-Term (Dissipation Process)

In the water-saturated models, the dissipation process was very fast, starting to dissipate even
before the end of shaking, as shown in Figs. 3.41, 4.43 and 5.40. This vertical water-flow toward
the surface seems to have kept the upper layers liquefied during shaking. In the models saturated
with viscous fluid, the dissipation process was very complex, as illustrated in Figs. 3.25b and
3.27 of Model 1x1-v and Fig. 4.29b of Model 3x1-v. The negative excess pore pressure
developed close to the piles at shallow elevations created a large vertical gradient close to the
foundation. Therefore, the dissipation process around the piles was much faster than in the free
field. As the fluid started flowing toward the surface, it broke through the nonliquefied zone
around the foundations near the surface, creating even sand boils in Models 1x1-v and 3x1-v.
Meanwhile the pore fluid in the free field moved upward and toward the foundation to
compensate for the negative and low positive excess pore pressure in this area, as clearly shown
in Fig. 4.29b. The dissipation of excess pore pressure was far from being a one-dimensional
process, that took about five minutes, confirming the low permeability of these models.

6.4 Summary of Soil Lateral Displacement

Figure 6.2 summarizes the free field soil lateral displacement measured in all the centrifuge tests,
by plotting profiles at different times, after filtering out the cyclic component. The profiles in the
water-saturated models and the ones in the viscous-fluid-saturated models are plotted separately
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to observe the effect of soil permeability. In all tests the loose layer started moving downslope as
soon as it liquefied at the beginning of shaking, with the maximum displacement measured at all
times at the ground surface. These profiles are consistent with the assumption that these soil
measurements indeed correspond to free field soil response, being practically unaffected by the
presence of the foundations. They also confirm that the relative density of the loose sand layer
must have been very similar in order to have this excellent repeatability of lateral spreading.
Even though the ground surface deformation was very similar in all tests, the profiles in Figure
6.2 reveal a difference in shape due to the change in the soil permeability. In the water-saturated
models, the shear strains tended to decrease with depth, whereas in the models simulating a fine
sand layer, the shear strains tended to increase with depth. Since in the simulated coarse sand
layer the dissipation process started before the end of shaking, as discussed in section 6.3, the
reduction in pore pressure must have increased the soil stiffness near the bottom of the sand
layer, explaining the lower shear strains compared to the ones in the models saturated with
viscous fluid. On the other hand, the reduction in pore pressure near the surface in the models
that simulate a fine sand layer appears to have been responsible for the low shear strains
developed at shallow elevations. A similar trend in the shape of the profiles was observed by
Ubilla (2004, unpublished) in centrifuge tests conducted at RPI as part of the US-Japan project
mentioned in section 1.3.2. Some of the centrifuge models were tested using water and some
using viscous fluid to try to replicate full-scale shaking table tests.

6.5 Summary of Piles Lateral Displacement

A summary of the ground surface and pile cap/head lateral displacement measured in all tests is
presented in Fig. 6.3. The ground surface displacement increased gradually during shaking,
reaching an average value of about 145 cm at the end of the excitation (Fig. 6.3a). In the models
saturated with water, the pile foundations reached a maximum lateral displacement after a few
seconds of shaking, bouncing back afterwards. This decrease in displacement occurred despite
the fact that the free field deformation kept increasing until the end of shaking. Clearly after a
few seconds the liquefied soil was flowing around the individual piles. In the models saturated
with viscous fluid, however, the lateral displacement of the pile foundations increased gradually
during the excitation and never bounced back, reaching lateral displacements much larger than
the ones observed in the models saturated with water. These measurements suggest that the
higher fluid viscosity or lower soil permeability had a dramatic effect in the soil-foundation
response, increasing the pile head displacements as much as 6 times. The decrease in pore
pressure near the piles must have stiffened the soil, enabling it to maintain a strong force near the
pile heads, explaining the large pile displacements, as well as the lack of piles rebound. Table 6.1
summarizes the ground surface and pile head lateral displacements measured in all models.
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Figure 6.2: Summary of free field lateral displacement profiles

197



water ——— viscous fluid

160
120
80 +

40

Displacement [cm]

] (a) Ground surface

160
120
80;
40

0 -
160
120 +
80;

40 +

160

Pile head lateral displacement [cm]

120
80

40

1 (b) Models 1x1-w & 1x1-v

1 (c) Model 3x1-w & 3x1-v

NN~~~

A A
~ N,Nr\fvx/\/“va /

PR
AN
NN
/r\‘//\,/\/\J

Figure 6.3: Summary of ground surface and pile head lateral displacements (the lateral

Time [sec]

displacements in figures (c) correspond to the 3x1 pile group)

6.6 Summary of Soil Pattern Displacement around Piles

Figure 6.4 summarizes the effect of soil permeability on the pattern of soil displacement around
the piles. This figure presents a set of pictures of the colored sand taken after each test at an
arrows indicate the direction of lateral spreading during shaking. In the
oarse sand layer (saturated with water), the liquefied sand moved around
the individual piles, affecting the soil pattern close to the piles themselves. Therefore, the
effective width perpendicular to the flow was the diameter of the individual piles. This is true
even for the pile groups in Models 3x1-w and 2x2-w (Figs. 6.4c and 6.4e), supporting the
hypothesis that the pressure of the liquefied soil acts only on the individual piles and not on the

intermediate depth. The
models that simulate a ¢

soil in between.
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A completely different liquefied flow pattern is observed in the models that simulate a fine sand
layer. In Model 1x1-v the pattern of soil deformation was affected up to a considerable distance
at both sides of the single pile (Fig. 6.4b), revealing the existence of a larger area of influence
than the pile width itself, at least at a depth of 1 m. An even more significant effect in the soil
deformation pattern was observed in Models 3x1-v and 2x2-v, where the liquefied soil did not
flow between the piles (Fig. 6.4d and 6.4f). The soil had to flow around the pile groups, affecting
the soil pattern up to a considerable distance at both sides of the foundations. This tends to
support the hypothesis that the pressure of the liquefied soil acts on the piles, soil in between in
the pile groups, and soil to some extend on both sides of the foundation. The comparison of soil
deformation patterns at different elevations around the single pile (Fig. 5.30) indicates that the
area of influence decreases with depth, suggesting an inverted conical shape around the
foundations. This observation indicates that the affected soil pattern must be directly related to
the nonliquefied zone around the piles; as the soil became stiffer near the foundation, the
liquefied soil in the free field had to move around it.

6.7 Summary of Bending Moment Profiles

A summary of pile bending moment profiles in all tests, after filtering out the cyclic component,
is presented in Fig. 6.5. In all cases the maximum moment at any given time occurred at or close
to the base of the liquefied layer, as expected. In the 2x2 pile group the piles were subjected to
double curvature, with the maximum moments taking place at the base of the liquefied layer and
at the connection with the pile cap. The bending moment records in the upslope and downslope
piles in the 2x2 pile group were practically the same, hence the profiles in Figs. 6.5¢ and 6.5f are
representative of all four piles. Similarly, the profiles in Figs. 6.5¢ and 6.5d are representative of
all piles in the 3x1 pile group.

In the water-saturated models the bending moments reached a maximum value after a few
seconds of excitation, at the same time when the pile heads reached their maximum deflection.
Afterwards, the bending moments decreased despite the fact that the free field deformation
associated with the lateral spreading kept increasing until the end of shaking. Clearly the
liquefied soil was flowing around the piles, which was confirmed by the pictures in Figs. 6.4a,
6.4c and 6.4e. This general pattern of pile displacement and bending moment is typical of many
centrifuge models of single piles and pile groups conducted at RPI using water as pore fluid
(Abdoun, 1997).
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On the other hand, in the models saturated with viscous fluid the piles reached a maximum
bending moment at the end of shaking, without ever bouncing back, being consistent with the
pile head displacements. Certainly, the soil permeability had a huge impact on the pile
foundation response during lateral spreading, increasing the bending moments as much as 6
times. Table 6.1 summarizes the maximum bending moments measured in all models, after
filtering out the cyclic component.

6.8 Summary of the Relationship between Bending Moment and Pile Displacement

Figure 6.6 shows the measured bending moments at the base of the liquefiable layer versus the
measured pile head/cap lateral displacements, summarizing the response of all models. These
curves were obtained after filtering out the cyclic component. In the models saturated with water
the piles reached a maximum lateral displacement and bending moment then bounced back,
following a quite linear relationship. In the models saturated with viscous fluid, the bending
moments and pile head displacements followed essentially the same linear relationships, without
bouncing back and reaching much larger values at the end of the excitation.

water —— viscous fluid
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Figure 6.6: Summary of measured pile bending moment versus measured pile head lateral
displacement (figure (b) corresponds to the 3x1 pile group)
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The virtually linear relationship between bending moment and pile head displacement evidences
three characteristics of the soil-foundation interaction: (i) the elastic behavior of the piles, (ii) the
position of the resultant force against the foundations did not change considerably during
shaking and was not noticeably affected by soil permeability, and (iii) the fixation provided by
the cemented layer was quite constant during the excitation. The first point was actually proved
during the pile calibration tests (section 2.7), and the third point was demonstrated by the p-y
curve analyses on the single pile in Models 1x1-w (section 3.4.6) and 1x1-v (section 3.5.7), and
by the limit equilibrium analyses, where the back-calculated rotational stiffness at the base of
each pile was practically the same in all cases.

6.9 Summary of Limit Equilibrium Analysis

Limit equilibrium analyses were carried out using structural software to estimate the liquefied
soil pressure, effective area subjected to the soil pressure, and the rotational stiffness provided by
the cemented sand layer (Fig. 6.7). Since in the water-saturated models the liquefied soil flowed
around the individual piles (Figs. 6.4a, 6.4c and 6.4e), the soil pressure was considered to act
only on the foundations. The lateral pressure was assumed to be constant and independent of
depth, following the approach used by Abdoun (1997). The back-calculated soil pressures in the
3x1 pile group (section 4.4.6) and in the single pile (section 3.4.8) were very similar, averaging a
value of 10 kN/m?, which is very close to the liquefied soil pressure of 9.25 kN/m? estimated by
Abdoun (1997). In the 2x2 pile group however, the estimated value was 16 kN/m”. Another
iteration was done in this case assuming the liquefied soil pressure acting on both upslope and
downslope piles. However, the estimated soil pressure did not change much, with the bending
moment distributions and pile head displacements being very different from the measured ones.
A rotational stiffness of 8000 kN-m/rad was found to provide the best prediction for the
measured pile head/cap displacements, in excellent agreement with the values back-calculated in
the p-y curve analyses in Models 1x1-w and 1x1-v (Fig. 6.8).

In the models saturated with viscous fluid the liquefied sand moved around the foundations,
affecting the soil pattern up to a considerable distance at both sides. It appears that as the soil
became stiffer in the nonliquefied zone around the foundations, the liquefied soil in the free field
had to flow around it. Hence, a valid assumption was to consider the liquefied soil pressure to be
acting on this inverted cone zone of solidified soil. Therefore, it was assumed that the soil
pressure in the viscous fluid-saturated models was acting on the piles, on the soil in between the
pile groups, and on a triangular area at both sides of the foundations, hence a trapezoidal area.
The height of these trapezoids was estimated based on the pore pressure measurements, and the
width was obtained matching the bending moments using limit equilibrium analyses. Figure 6.7
shows the effective areas that were found to give the best predictions for the maximum bending
moments (not perfectly drawn on scale). The horizontal dashed lines correspond to the affected
pattern of soil displacement, information that was not used in the limit equilibrium analyses. The
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Figure 6.8: Back-calculated rotational stiffnesses (with the p-y approach) provided by the
cemented sand in Models 1x1-w and 1x1-v

very good agreement between the pattern of soil displacement and the estimated area subjected
to liquefied soil pressure validates the relationship between the nonliquefied zone developed
around the foundations, movement of the liquefied soil around these zones, and the larger area
subjected to the liquefied soil pressure.

It was found that a rotational stiffness of 8000 kN-m/rad provided the best estimation for the
single pile and 3x1 pile group lateral displacements, in excellent agreement with the estimated
value in the water-saturated models. In the 3x1 and 2x2 pile groups the location of the resultant
force did not change significantly, being consistent with the fact that the relationship between
moment and pile cap displacement practically did not change with the soil permeability. Table
6.2 summarizes most of the parameters used in the limit equilibrium analyses, as well as
measured and calculated values, and Figure 6.7 summarizes the estimated effective areas and the
location of the resultant forces.

6.10 Summary of p-y Curve Analysis on the Single Pile

To further investigate the pile-soil-fluid interaction during lateral spreading, p-y curves analyses
were carried out for the single pile. Sections 3.4.6 and 3.5.7 present in detail the results of the p-y
curve analysis obtained for Models 1x1-w and 1x1-v respectively. This section summarizes the
effect of soil permeability on the lateral resistance against the single pile. Figure 6.9 shows
profiles of bending moment, back-calculated lateral resistance (p), and excess pore pressure next
to the pile, after filtering out the cyclic component for both models.
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In the water-saturated model the bending moment reached its maximum value at the beginning of
shaking, decreasing afterwards (Fig.6.9a). This response is clearly associated with the lateral
pressure on the pile, which in the upper 3 m it reached values of about 10-15 kN/m at the
beginning of shaking, decreasing afterwards to values close to zero (Fig. 6.9c). Near the bottom
of the liquefiable layer however, the lateral resistance increased up to a value of around 15 kN/m,
without ever decreasing. It appears that the reduction in pore pressure due to the fast dissipation
(Fig. 6.9¢) and the smaller pile-soil relative displacement at deeper elevations were responsible
for this phenomenon. The liquefied soil pressure of 11.5 kN/m” estimated in the limit equilibrium
analysis, which corresponds to a lateral resistance of 7 kN/m, is in good agreement with the
back-calculated lateral resistance along the pile. At the beginning of shaking however, when the
bending moment is maximum, the lateral resistance is larger at a depth of 2 m.

In the model saturated with viscous fluid the back-calculated lateral resistance, shown in Figure
6.9d, confirms the significant effect of soil permeability. In the bottom half of the loose sand
layer the profiles are very similar to the ones estimated in Model 1x1-w, were the soil next to the
pile remained liquefied during most of the shaking. However, near the ground surface, the lateral
resistance increased gradually up to values of about 50 kN/m, without ever decreasing. These
back-calculated profiles are in excellent agreement with the force per unit length used in the
equilibrium analysis, constant in the lower 4 m and increasing with height in the upper 2 m. This
increase in lateral resistance appears to be inversely proportional to the decrease in pore pressure,
particularly in the upper 2 m, as shown in Fig. 6.9f. Therefore, as the soil started stiffening
around the pile near the surface, the liquefied soil in the free field was pushing a much larger
effective area, which explains the larger bending moments and lack of pile rebound in the models
saturated by the viscous fluid.

207






CHAPTER 7
PILE PINNING EFFECT ON LIQUEFACTION INDUCED LATERAL SPREADING

7.1 Introduction

The wvulnerability of highway bridges to earthquake-induced ground failures arising from
liquefaction has been clearly demonstrated by the extensive damage observed in past
earthquakes. Damage has been primarily associated with either large translational flow slides and
related embankment deformations, or progressive but limited lateral spread embankment
deformation. Damage modes associated with such lateral deformations are related to
displacement demands on abutments and piers leading to possible pile damage and/or span
collapse (Martin et al., 2002)

Whereas the evaluation of the mode and magnitude of liquefaction induced lateral ground
deformations involves considerable uncertainty, the current state of practice utilizes the
Newmark sliding block approach on an assumed dominant failure plane within the liquefied
zone. Once the geometry of the failure and magnitude of the liquefaction induced lateral
deformation are estimated, an assessment should be made to see if the foundation is able to
withstand the displacement demands and the superstructure can accommodate those
deformations. A refinement of this approach is to consider the reinforcing or pinning effect the
piles or pile group have on the lateral stability, by representing the pile shear forces at the
location of the failure plane as an equivalent shear strength in the calculation of yield
accelerations used in the Newmark analyses.

A series of four centrifuge tests were conducted at the 150 g-ton RPI centrifuge facility to study
the pinning effect of pile foundation systems on the reduction of lateral spreading. The centrifuge
models, conducted using a slightly inclined laminar box subjected to in-flight base shaking,
simulate a mild infinite ground slope. The prototype profiles consist of a 3 m thick layer of
liquefiable Nevada sand on top and below a 3 m thick nonliquefiable layer. The first centrifuge
model (Model p-0) does not include piles and is considered the benchmark experiment to
simulate lateral spreading in the free field. Using a similar setup, Models p-3x2, p-6x2, and p-
3x1 simulate the response of a 3x2, 6x2, and 3x1 pile group, respectively, placed in a soil profile
similar to that used in Model p-0. Soil accelerations, excess pore water pressure, lateral
deformations, and bending moments were some of the measurements recorded during the tests.

Testing properties of the centrifuge models are summarized in Table 7.1, and a description of
model preparation is presented in section 7.2. Experimental results, data interpretation and basic
analyses are presented in sections 7.3 through 7.6. A comparison of all tests and a practical
analysis approach are presented in section 8.
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Table 7.1: Testing properties of centrifuge models

Pile #of  |#ofinstrument.| _. # of Fluid
Model ) ) ] Pile cap . .
configuration piles piles layers | viscosity (L)
p-0 No foundation 0 0 _ 3 1
p-3x2 3x2 6 2 yes 3 1
p-6x2 6x2 12 3 yes 3 1
p-3x1 3x1 3 2 yes 3 1

7.2 Model Preparation

This section describes the preparation of the centrifuge models listed above. Even though there
were some differences regarding the pile group foundations, the model preparation was very
similar in all cases. The 1-D large laminar box, described in section 2.4, was used in this series of
tests.

First, a 0.02 cm thick latex membrane is placed inside the laminar box to prevent leakage of the
saturated soil. Afterwards, the external side of the container is sealed and a vacuum pump is
connected to remove the air from the outer chamber, as shown in Fig. 7.1a. This forces the latex
membrane to flush against the rings, facilitating placement of the soil. At this stage the pile
group (in Models p-3x2, p-6x2, and p-3x1) is properly located and aligned in the box. Figure
7.1a shows the construction of the bottom slightly cemented layer. A dry mixture of slightly
cemented sand is pluviated into the laminar box in four sublayers. Each sublayer is compacted by
dropping an aluminum block three times from a height of 2 cm, ending up with a cemented layer
of about 6.2 cm high. The soil in the pile group area is compacted following the same procedure,
but using an aluminum block with holes slightly larger than the diameter of the piles (Fig. 7.1a).
An accelerometer is placed at an intermediate elevation at the proper orientation. This slightly
cemented sand layer is believed to represent a medium-dense layer in the field (Abdoun, 1997).

A cover is placed on top of the laminar box and de-ionized water is slowly introduced from the
corners of the cover until the whole layer is wet (Fig. 7.1b). Once the cement is set, after
approximately 12 hours, the cover is removed and the surface is flattened and carefully scraped
to ensure a uniform height of 6 cm.
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At this stage, the pile cap is removed to facilitate pluviation of the soil. Figure 7.1c illustrates the
construction of the liquefiable layer. Dry Nevada sand is poured into the laminar box by dry
pluviation to a height of 6 cm above the bottom cemented layer. A funnel with a row of holes is
used to place the sand in the laminar box, except in the pile group area where a small cone
connected to a thin tube is used. The falling distance and speed of movement in both methods
were previously calibrated to ensure the desired 40% relative density. The width of the funnel
was approximately one third the width of the laminar box. The funnel is manually moved back
and forth along the longest dimension of the box, with a free falling distance of about 2 cm.
Accelerometers and pore pressure transducers are installed at proper locations and orientations.
In Models p-6x2 and p-3x1 lines of colored sand are placed at intermediate depths, using a
plastic grid that serve as mold.

Once the thickness of the loose Nevada sand is exactly 6.0 cm, four shrink tubes are placed at
each side of the long dimension of the box. These tubes serve as drainage for the dissipation of
excess pore pressure developed in the liquefiable layer during shaking. The construction process
of the top cemented layer is very similar to that of the bottom layer. The only difference is that
the first sublayer is carefully compacted without dropping the aluminum block, avoiding the
compaction of the liquefiable layer. In Models p-6x2 and 3x1 thin layers of colored cemented
sand are placed at various elevations. After the third sublayer is pluviated and properly
compacted, the pile cap is reattached. Finally, once the fourth layer is poured and compacted, the
ground surface is carefully flattened to ensure an exact thickness of 6 cm.

An airtight cover is placed on top of the laminar box, sealing the inner chamber. The vacuum
pump for the outer chamber is turned off and the laminar box is carefully moved to the
centrifuge platform. Once the laminar box is fixed to the inclined table, on top of the shaker, the
vacuum pump is reconnected to the outer chamber, reaching a vacuum of 30 in of mercury. A
second vacuum pump is then connected to apply a vacuum of about 26 in of mercury to the inner
chamber, as shown in Fig. 7.1d. This differential vacuum is required to keep the latex membrane
tight against the rings. After maintaining the inner vacuum for an hour, the second pump is
turned off and carbon dioxide is slowly introduced into the box during approximately half an
hour until atmospheric pressure is reached in the inner chamber. The purpose of using CO2 is to
help dissolving the remaining oxygen in the water. Then, de-ionized/de-aired water is introduced
very slowly to the model from two dripping pipes located on the downslope side of the cover.
This process continues for about 24 hours until the water table reaches the model surface. The
inner and outer vacuums are slowly released and the airtight cover is removed. The rigid sides of
the laminar box are also removed and the remaining sensors are attached. The model is finally
tested between 24 and 30 hours after the saturation process is completed.
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7.3 Model p-0 (free field)
7.3.1 Model Description

The setup and instrumentation used in Model p-0 are presented in Fig. 7.2. The model height is
18 cm, simulating at 50g a 9 m soil deposit. The profile consists of a 3 m thick Nevada sand
layer placed at a relative density of about 40%, between two 3 m thick nonliquefiable slightly
cemented layers. The model is inclined 2° to the horizontal and saturated with de-ionized/de-
aired water. At a centrifugal acceleration of 50g the loose Nevada sand simulates a coarse sand
layer, and the inclination becomes 4.8° after instrumental correction (Taboada, 1995). Since this
model does not include a pile foundation, it simulates the lateral deformation in a free field
condition.

The purpose of this test is to simulate a lateral spreading between 1 and 1.5 m. Based on previous
centrifuge tests conducted at RPI, a sinusoidal acceleration of 30 cycles, amplitude of 12g and
frequency of 100 Hz was estimated as an appropriate input signal. At a 50g centrifugal
acceleration, this corresponds to a frequency of 2 Hz and peak acceleration of 0.24g. However,
to avoid repeating the test with a different input signal in case of measuring less lateral spreading
than the targeted displacement, the number of the input cycles was increased to 50.

The instrumentation used in Model p-0 is shown in Fig. 7.2 and listed in Table 7.2. The model
was instrumented with 12 accelerometers, 5 pore pressure transducers, and 6 LVDTs.
Accelerations in the soil and outside the laminar box, excess pore water pressure in the
liquefiable layer, ground surface settlement, and lateral displacement of the soil were measured
during the test.

7.3.2 Recorded Accelerations

Figure 7.3 shows the recorded input acceleration and soil acceleration time histories at different
depths. The acceleration record of the top cemented layer shows uniform amplitude of about 0.1g
during the shaking process, indicating that this layer did not liquefy. Acceleration records in the
liquefiable layer show a drop in positive amplitude, exhibiting as well large spikes in the
negative direction after about two cycles of shaking. At the bottom of this layer however, no
significant drop in acceleration is observed. The acceleration records indicate the loose sand
layer did liquefy, with the decrease in positive amplitude due to the difficulty shear waves have
in traveling through the liquefied soil because of significant reduction in its stiffness and
strength. The large negative spikes are related to the dilative behavior of the saturated loose sand
during lateral spreading.
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Table 7.2: Location of instruments in Model p-0 (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
Ain 73.5 17.75 18.5
Al 355 17.75 15
A2 35.5 17.75 11
A3 35.5 17.75 9
A4 35.5 17.75 7
Accelerometer AS 35.5 17.75 3
A8 72.5 17.75 18
A9 71 17.75 15
Al0 71 17.75 11
All 71 17.75 9
Al2 71 17.75 7
Al3 71 17.75 3
P1 18 17.75 11
P2 18 17.75 9
Pore pressure P3 18 17.75 7
transducer P4 53 17.75 11
P5 53 17.75 9
L1 0 24 14
L2 0 12 11
LVDT L3 0 24 9.1
L4 0 12 7.2
L5 0 24 3
L6 0 12 3
L7 45 18 0

At 4.5 m the acceleration amplitude (A3) increased considerable after about 16 sec. This
phenomenon, related to the soil lateral displacement, is discussed below in section 7.3.4. The
recorded acceleration of the bottom cemented layer is very similar to the input acceleration,
indicating that no sliding occurred between this layer and the base of the laminar box.

Figure 7.4 shows accelerations recorded on laminar rings at the same elevations than the ones of
the accelerometers in the soil. Next to the cemented layers, the ring accelerations are very similar
to the soil accelerations. However, next to the liquefiable layer, ring accelerations do not show
either a significant drop in amplitude nor large spikes.
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Figure 7.3: Soil acceleration time histories in the free field, Model p-0
7.3.3 Recorded Excess Pore Pressures

Figure 7.5 presents excess pore pressure time histories at different depths within the loose sand
layer. These records reveal that the whole layer liquefied after a few seconds of excitation, and
the dissipation process started before the end of shaking. The low permeability of the slightly
cemented layer, including the drainages tubes, compared to the one of Nevada sand, and the
settlement process of the top cemented layer, seem to have been responsible for: a) an increase in
excess pore pressure after the loose sand was liquefied, and b) a slow dissipation process during
approximately the first 45 sec. Actually, the settlement rate of the top cemented layer decreased
noticeably at about 45 sec (Fig. 7.10b), increasing the dissipation rate of the remaining excess
pore pressure.

217



0.6
0.3 4 r
0.0 NN YT~
-0.3 |
-0.6 § r
09 ] 1.5m A13 |

0.6

0.0 -
-0.3 4 -
-0.6 4 =
09 ]35m A12 £
0.6
0.3 -
0.0 -
-0.3 § r
-0.6 4 -
0.9 ] 45m A1}

0.6

0.3 4 r
0.0 o
-0.3 r

-0.6 r
-0.9
0.6

0.3 4 r
0.0 o
-0.3 o

0.6 E
75m A9 [

Acceleration [g]

0.6
0.3 7

-0.3

-0.9

Time [sec]

Figure 7.4: Acceleration time histories on the laminar rings, Model p-0

70
60 13.5m P3L[

Excess pore pressure [kPa]

0 10 20 30 40 50 60
Time [sec]

Figure 7.5: Short and long term excess pore pressure time histories in the free field, the
dashed lines correspond to initial liquefaction, Model p-0

218



7.3.4 Recorded Lateral Displacements

Figure 7.6 shows the recorded lateral displacement of the model at different depths. The
liquefied layer and the top cemented layer displaced gradually during shaking. On the other
hand, the bottom cemented layer did not move, being consistent with the acceleration record at
that elevation. Once the shaking stopped, the lateral displacement stopped immediately, even
thought the loose layer was still liquefied. This phenomenon is consistent with previous
centrifuge tests (Abdoun, 1997; Pamuk, 2004), and confirms that the inertia forces due to
shaking are necessary for the ground deformation to continue (Okamura et al., 2001).
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Figure 7.6: Soil lateral displacement time histories in the free field, Model p-0

Visual inspection of the model after the test revealed that the relative displacement between
some of the rings reached the limit of about 4.5 mm, corresponding to 22.5 cm in prototype
units. Figure 7.7 shows relative displacement time histories between the rings attached to the
LVDTs, where the dashed lines represent the allowable relative displacement between these
rings. The relative displacement Al corresponds to two adjacent rings, while A2, A3, and A4
correspond to two rings separated by another one, representing an allowable relative
displacement of 45 cm. Figure 7.7 confirms that in the upper half of the liquefied layer the
relative displacements (A3 and A4) reached the limit after about 30 cycles of shaking, time at
which the lateral displacement on the ground surface was approximately 135 cm (Fig. 7.6). Since
this level of lateral spreading is within the expected range, only the first 30 cycles are considered.

219



40 T
20 W
01 A2:L3-L2[

Relative displacement [cm]
3

60

A1:L2-L11
40 F
o+ """"""""—""—"—"—"—"—"——— —— [
0 AWﬁ
T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30

Time [sec]

Figure 7.7: Relative displacement time histories between the rings attached to the LVDTs,
the dashed lines represent the allowable relative displacement between these rings in
prototype units, Model p-0

Figure 7.8 shows the soil lateral displacement time histories considering the first 30 cycles of
shaking, data that can be directly compared to the soil displacement measured in the following
centrifuge tests.

Figure 7.9 presents profiles of soil lateral displacement in the free field at different times during
shaking, after filtering out the cyclic component. The ground surface settlement time history in
the short and long term is presented in Fig. 7.10. During the shaking process the top cemented
layer settled about 6 cm, mainly due to the rearrangement of particles induced by shear strain.
Once the shaking finished, the settlement continued due to the consolidation process of the
liquefied layer, reaching a value of about 15 cm. Figure 7.11 shows a picture and schematic of a
longitudinal crack developed on the ground surface during the test. The excess pore pressure
developed in the middle layer fractured the top cemented layer along the longitudinal direction,
evidenced also by the sand boils observed along this crack.
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7.4 Model p-3x2
7.4.1 Model Description

The setup and instrumentation used in Model p-3x2 are presented in Fig. 7.12. This model
simulates a 3x2 pile group connected with a pile cap perpendicular to the direction of lateral
spreading. The prototype profile consists of a 3 m thick Nevada sand layer placed at a relative
density of about 40%, on top and below a 3 m thick nonliquefiable cemented layer. The model is
inclined 2° to the horizontal and saturated with de-ionized/de-aired water. At a centrifugal
acceleration of 50g the loose Nevada sand simulates a coarse sand layer, and the inclination
becomes 4.8° after instrumental correction.

The embedded piles have a prototype diameter of 55 cm and a bending stiffness (EI) of
approximately 78000 kN-m’. The aluminum cap, embedded in the top cemented layer, has
prototype dimensions of 3.3 m in width, 4.95 m in length, and 0.64 m in height. Figure 7.13
displays a picture and schematic of the pile-cap-structure, showing the spacing between piles
(3d), as well as the aluminum block used to compact the cemented sand around the piles. Figure
7.14 shows a picture of the model during preparation, with the dashed line representing the
location of the pile cap.

Based on the measured results of Model p-0, the model was excited by 30 cycles of a 100 Hz
sinusoidal acceleration with uniform amplitude of about 12g. At a centrifugal acceleration of 50g
this corresponds to a frequency of 2 Hz and peak acceleration of 0.24¢.

The instrumentation used in Model p-3x2 is shown in Fig. 7.12 and listed in Table 7.3. The
model was instrumented with 18 accelerometers, 7 pore pressure transducers, and 9 LVDTs.
Two instrumented piles (IP1 and IP2) were used in the pile group foundation, as shown in Fig.
7.12a. Detailed information about the strain gage configuration and the aluminum piles (type A)
used in this model is presented in section 2.7. Accelerations in the soil and outside the laminar
box, excess pore water pressure, lateral displacement of the soil and the pile cap, ground surface
settlement, bending moments, and axial forces were measured during this test.
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: Pile-cap-structure, (a) schematic, (b) picture, Model p-3x2



Table 7.3: Location of instruments in Model p-3x2 (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
Ain 73.5 17.75 18.5
Al 53 17.75 15
A2 53 17.75 11
A3 53 17.75 9
A4 53 17.75 7
A5 53 17.75 3
A6 35.5 19.5 11
A7 35.5 19.5 9
A8 32.5 16 0.63
Accelerometer A9 39 19.5 0.63
Al10 35.5 16 0
All 35.5 12.75 0.63
Al3 72.5 17.75 18
Al4 71 17.75 15
Al5 71 17.75 11
Al6 71 17.75 9
Al7 71 17.75 7
Al8 71 17.75 3
P1 18 17.75 11
P2 18 17.75 9
Pore pressure P3 18 17.75 7
transducer P4 35.5 16 11
P5 35.5 16 9
P6 35.5 16 7
P7 51 17.75 11
L1 0 24 14
L2 0 12 11
L3 0 24 9.1
LVDT L4 0 12 7.2
L5 0 24 3
L6 0 12 3
L7 39 16 -2
L8 32.5 19.5 -2
L9 24 27 0




Table 7.3 (cont.): Location of instruments in Model p-3x2 (in model units)

Transducer Sensor Coordinates [cm]

name X Y Z
IP 1 IP 1 IP 1

SGl1 34.25 17.75 14
SG2 34.25 17.75 12.5
SG3 34.25 17.75 11.5
SG4 34.25 17.75 10

SGS5 34.25 17.75 8
SG6 34.25 17.75 6.5
SG7 34.25 17.75 55
SG8 34.25 17.75 3.75

Strain gage SGI 34.25 17.75 2
1P 2 1P 2 IP 2

SG1 37.25 14.5 14
SG2 37.25 14.5 12.5
SG3 37.25 14.5 11.5
SG4 37.25 14.5 10

SG5 37.25 14.5 8
SG6 37.25 14.5 6.5
SG7 37.25 14.5 5.5
SG8 37.25 14.5 3.75

SG9 37.25 14.5 2

Figure 7.14: Model during preparation, the dashed line represents the pile cap,
Model p-3x2
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7.4.2 Recorded Accelerations

Figure 7.15 shows the recorded input acceleration and soil acceleration time histories far from
the pile group at different depths. Acceleration records in the loose sand layer show a drop in
positive amplitude, exhibiting as well large spikes in the negative direction after a couple of
cycles of shaking. At the bottom of this layer however, the positive acceleration did not drop
significantly, probably due to the boundary effect of the bottom layer. This effect has been
observed in previous centrifuge tests conducted by the author (Gonzalez, 2002). Nevertheless,
the acceleration records indicate the loose sand layer liquefied and displaced in the downslope
direction during shaking. The recorded acceleration in the top cemented layer (A5) shows a
considerable drop in amplitude after the first cycle of shaking, indicating a dynamic isolation of
this layer once the loose layer liquefied, despite the fact that the pile group was embedded in this
layer. The acceleration record of the bottom cemented layer is very similar to the input
acceleration, indicating no sliding occurred between this layer and the base of the laminar box.
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Figure 7.15: Soil acceleration time histories far from the pile group, Model p-3x2
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Soil acceleration time histories between piles at two different depths are presented in Fig. 7.16.
The soil acceleration at 4.5 m dropped substantially after a few cycles, indicating the soil in this
area did liquefy. As the excitation continued however, the acceleration amplitude started
increasing significantly. The accelerometer (A7) apparently moved close to one of the piles
during lateral spreading, being influenced by the pile movement. At 5.5 m the acceleration
record is similar to the one in the soil far from the pile group, confirming the boundary condition
effect.

Figure 7.17 presents the acceleration time histories on the pile cap, as well as the measured
horizontal and vertical acceleration at the base of the box. The cap vertical acceleration seems to
be related to the vertical acceleration at the base of the model. The acceleration perpendicular to
the direction of lateral spreading consists of small spikes generated by the pile group vibration
during shaking. On the other hand, the acceleration record in the direction of lateral spreading
contains large high frequency spikes generated by the interaction between the pile group and the
top cemented layer.

Laminar ring accelerations recorded at two elevations are presented in Fig. 7.18. Unfortunately
some accelerometers were not properly attached and got pulled during the test. The ring
accelerations at 5.5 and 7.5 m are very similar to the ones recorded in the soil at the same depths.
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Figure 7.16: Soil acceleration time histories between piles, Model p-3x2
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0.6
0.3 4 r
0.0
-0.3 4 r
-06 o
-09 4
0.6
0.3 F
0.0
-0.3 r
-06
-09 o
0.6
0.3 4 r
0.0
-0.3 4 IS

-0.6 o r
45m A16: malfunctioned
T T

15m A18: malfunctioned :

35m A17: malfunctioned :

Acceleration [g]
o
>

55m A5

175m A4 |
|

-06 r
-09 1

0 2 4 6 8 10 12 14 16 18 20
Time [sec]

Figure 7.18: Acceleration time histories on the laminar rings, Model p-3x2

231



7.4.3 Recorded Excess Pore Pressures

The excess pore pressure records reveal that the loose sand layer liquefied after a couple of
cycles (Fig. 7.19). In the free field, a slight increase in excess pore pressure during the excitation
and a slow dissipation process seem to be associated to the low permeability and settlement of
the top cemented layer, as discussed in section 7.3.3. In the pile group area, the smaller
thickness of cemented layer bellow the cap generated a lower excess pore pressure than in the
free field. In addition, gaps developed on the downslope side of the pile group (Fig. 7.27b) seem
to have slightly increased the dissipation rate in this area (Fig. 7.20).
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Figure 7.19: Short term excess pore pressure time histories in the free field and between
piles, the dashed lines correspond to initial liquefaction, Model p-3x2
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7.4.4 Recorded and Back-calculated Lateral Displacements

Figure 7.21 shows the recorded lateral displacement of the pile cap and soil at various depths.
The liquefied layer and top cemented layer displaced gradually during shaking. The records also
show that the bottom cemented layer did not move, being consistent with the acceleration record
at that elevation. Once the shaking process finished, the soil lateral displacement stopped
immediately. The pile cap on the other hand, remained vibrating for a short period of time.

The profiles of soil lateral displacement were obtained interpolating the LVDT measurements,
after filtering out the cyclic component (Fig. 7.22). As soon as the loose sand liquefied at the
beginning of shaking, the deposit started moving downslope, with the top cemented layer
reaching a maximum displacement of approximately 65 cm at the end of shaking, 70 cm less
than the case without piles (Model p-0). Therefore, the pile group was able to reduce the amount
of lateral spreading in more than 50%.
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Figure 7.21: Soil and pile cap lateral displacement time histories, Model p-3x2
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Even though the method and equations to estimate the deformation and rotation of the piles were
presented in section 3.4.6, they are included again in this section. The displacement profiles of
the upslope (IP1) and downslope (IP2) piles were first calculated by double integrating the
bending moment distributions along the height of the piles, according to equation:

yp=jy%§9dh [7.1]

where y, is the pile lateral deformation, E7 is the pile bending stiffness, M is the pile bending
moment after filtering out the cyclic component, and h is the height measured from the bottom of
the Nevada sand layer. However, the estimated lateral displacement (LDg) at the location of the
LVDTs differed considerably from the one measured with the transducers L7 and L8 (LDy),
indicating that the bottom cemented layer was not able to provide infinite constrain to the piles.
The rotation of each pile at the base of the liquefiable layer (6yase) Was hence estimated using the
following expression:

5 _LDy-LD,

= 7.2
base dh [ ]

where dh is the distance between the bottom of the liquefiable layer and the LVDTs L7 and LS.
At each time instant, the rotational stiffness provided by the bottom cemented layer was
estimated dividing the pile bending moment at the base of the liquefiable layer by the rotation of
the corresponding pile (Gpase). Figure 7.23 shows the back-calculated rotational stiffness provided
by the bottom cemented layer around the instrumented piles IP1 and IP2 versus the
corresponding bending moment at the base of the liquefiable layer.

After ignoring the indetermination generated by very small rotations of the upslope pile IP1 at
the beginning of shaking, the rotational stiffness in the elastic range was approximately 45000
kN-m/rad. As the bending moment increased, the bottom cemented sand around the pile lost
strength and the confinement decreased drastically. The cemented sand around the downslope
pile IP2 provided a similar stiffness in the elastic range. In this case however, the rotational
stiffness did not decrease so dramatically, with the cemented sand being able to withstand larger
bending moments. This difference in response seems to be related to the fact that the upslope
piles were under tension forces, and therefore the cemented sand around them was being
unloaded in the vertical direction.

235



50000 L
] —— Upslope pile (IP 1)
——— Downslope pile (IP 2)

40000
30000

20000 +

Rotational stiffness [kN-m/rad]

10000

0 200 400 600 800 1000
Bending moment [kN-m]

Figure 7.23: Back-calculated rotational stiffness provided by the bottom cemented layer
versus bending moment at the base of the liquefiable layer, Model p-3x2

Since LVDTs L7 and L8 were located 2 cm above the ground surface, the correct pile cap lateral
displacement was obtained by subtracting the increment in displacement above the pile cap from
the LVDT measurements. Figure 7.24 compares the lateral displacement of the pile cap and top
cemented layer during shaking. In the firsts 10 sec the displacement of the pile cap and top
cemented layer, without considering the cyclic component, was practically the same. As the
excitation continued, a gap started developing on the downslope side of the pile group.

Finally, the lateral displacement profiles of the piles were obtained considering the deformation
by curvature and rotation. Figure 7.25 shows the lateral displacement profiles of the upslope pile
IP1 and the soil at different times. Since the piles were connected by a cap and most of the
displacement was due to the rotation at the base, these profiles are considered representative of
the pile group lateral displacement. Given the fact that the top cemented layer moved as a rigid
block, the pile group tried to break the soil around it as soon as it started rotating at the beginning
of shaking (t = 1 sec). Near the ground surface, the pile cap slightly snapped the cemented sand
in the downslope direction. At deeper elevations within the top layer, the pile group offered such
a great resistance that it ended up inducing a passive failure in the upslope direction, as shown in
the following sections. As this failure progressed, the top cemented layer far from the pile group
displaced more than the pile cap did, inducing gaps on the downslope side of the cap.

236



80

—— L8: Pile cap (*)
— L6: Top cemented layer

(o2}
o
I

Displacement [cm]
5

Time [sec]

Figure 7.24: Lateral displacement time histories of the pile cap and top cemented layer, (*)
after subtracting the increment in displacement above the pile cap, Model p-3x2

Figure 7.25: Profiles of soil and pile group lateral displacement, Model p-3x2
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The ground surface settlement time history on the upslope side of the pile group is presented in
Fig. 7.26. This area of the ground surface settled about 2 cm during shaking. A visual inspection
after the test revealed that the transducer used to record this settlement (L9) was located just
outside the passive wedge; therefore this measurement does not represent either the passive
wedge vertical movement or the ground surface settlement. Once the shaking stopped, the
ground surface continued settling due to the consolidation process.
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Figure 7.26: Ground surface settlement time history close to the pile group, (a) short term,
(b) long term, Model p-3x2

7.4.5 Soil Condition around Pile Cap

Figure 7.27 shows pictures of the ground surface condition around the pile cap after the test. The
cracks on the upslope side of the pile group confirm the development of a passive failure. As this
failure progressed, two gaps developed on the downslope side of the cap; illustrated also by the
sand boils along the gaps
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(b)
Figure 7.27: Ground surface condition around pile cap after the test, (a) upslope, (b)
downslope, Model p-3x2
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7.4.6 Recorded Bending Moments

Prototype bending moment time histories were obtained from the strain gage measurements.
Since bending moments can be estimated from a quarter and half bridge configuration, nine
measurement histories were obtained for the upslope pile IP1 and downslope pile IP2, as shown
in Figs. 7.28 and 7.29 respectively. Profiles of bending moment for both piles are presented in
Fig. 7.30, after filtering out the cyclic component.

The profiles at 1 sec indicate that at the very beginning of the excitation the cemented sand
around the piles was in the elastic range, with the upper and lower moments being very similar
and with the point of zero moment located near the middle of the loose layer. The profiles at 3
sec show that the bending moments in the upper part kept increasing, with the maximum value
taking place near the cap, suggesting that the cemented sand started failing locally around each
individual pile. At about 6 sec the upper bending moments started decreasing, indicating the
passive failure in the top cemented layer was developing. In the second half of the excitation the
bending moments in the upper part kept decreasing, with the maximum moment taking place just
below the pile cap. The fact that the upper bending moments were decreasing while the pile
group was still moving downslope suggests the frame effect was disappearing. The passive
failure on the top layer and the decrease of confinement on the bottom layer allowed the pile
group to rotate slightly.

In the lower part, the bending moments tended to be larger than in the upper part. In the
downslope pile the maximum moment was reached at about 10 sec, whereas the moments in the
upslope pile were smaller and bounced back after a few seconds of shaking. At the end of
shaking the bending moment in the downslope pile was 780 kN-m, while it was 350 kN-m in the
upslope pile. This big difference was apparently caused by a pseudo p-A effect; since the
compression forces in the downslope piles tend to increase even more the bending moments as
the lateral displacement increases, while the tension forces on the upslope piles tend to decrease
the bending moments. If the moments caused by the axial forces are subtracted, at the end of the
excitation the bending moment in the upslope pile would be 630 kN-m, while in the downslope
piles it would be a similar value of 715 kN-m. The fact that the bending moment in the
downslope pile did not increase after 10 sec must be related with the passive failure of the top
cemented layer.

At all times the bending moment on both piles varied approximately linearly with depth within
the loose sand layer, indicating the pressure applied by the liquefied soil was negligible
compared to the one applied by the top cemented layer.
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Figure 7.30: Profiles of bending moment, upslope (IP 1) and downslope (IP 2) piles,
Model p-3x2

7.4.7 Recorded Axial Forces

Prototype axial force time histories were obtained with the strain gage measurements. Since axial
forces can be estimated only from a quarter bridge configuration, four measurement histories
were obtained for the upslope pile IP1 and downslope pile IP2, as shown in Figs. 7.31 and 7.32
respectively. Positive values represent tension while negative ones represent compression. The
axial forces were zeroed at the beginning of shaking, and therefore represent the change in
axial force during the excitation. Profiles of the axial force in both piles are shown in Fig. 7.33,
after filtering out the cyclic component.

As expected, during shaking the upslope piles were subjected to tension forces, while the
downslope piles were in compression. At the beginning of shaking the forces in compression and
tension were very similar, about 500 kN. As shaking continued however, the tension force kept
increasing up to about 650 kN, while the compression force decreased up to approximately 150
kN. This difference in the magnitude of the axial forces is consistent with the trend observed in
the centrifuge models simulating a 2x2 pile group presented in chapter 5. It seems that the excess
pore water pressure below the pile cap and the vertical movement of the passive wedge created a
large vertical force in the pile group during shaking, force that is superimposed to the ones
generated from the frame effect.
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Figure 7.33: Profiles of axial force, upslope (IP 1) and downslope (IP 2) piles, Model p-3x2

7.4.8 Lateral Force against Piles

In order to further investigate the soil-pile-group interaction during lateral spreading, back-
calculated lateral resistance (p) on the upslope pile IP1 and downslope pile IP2 were obtained
from the bending moment distributions M(z), using the simple beam theory according to the
equation:

0’ 0°x

pza?M(Z)+ P azz

[7.3]

where z is the depth measured from the ground surface, x is the pile deformation, and P is the
axial load. Even though the axial forces were relatively large and the pile group displacement
was large as well, the deformation of the piles was mainly caused by the rotation at the base.
Hence, the second derivative of the deformation with respect to height was very small and the
second term in equation 7.3 was negligible and was not used in the analyses. The discrete
measurements of bending moments along the pile were interpolated using a cubic spline
interpolation technique. A cubic spline is perhaps the simplest interpolation of discrete values
that can be double differentiated (Wilson, 1998); however since the spline fits every point
exactly, the interpolation is affected by the dynamic component upon differentiation. Therefore,
the cyclic component of the bending moment records was filtered out before obtaining the
bending moment distributions. Figure 7.34 shows profiles of the back-calculated lateral
resistance against piles IP1 and IP2. As expected, the lateral resistance of the liquefied sand was
very small compared to the one of the top cemented layer.
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The lateral resistance corresponding to the elastic range (t = 1 sec) was very similar in both piles.
The soil resistance varied linearly from approximately 200 kN/m at the bottom of the top layer to
-200 kN/m below the cap. These positive and negative values correspond to the resistance of the
cemented sand to the pile rotation. The reduction in resistance near the ground surface must be
related to the gap developed on the downslope side of the cap. As the passive failure developed,
the lateral resistance of the cemented sand decreased.

The force time history applied by the top cemented layer was obtained by integrating the lateral
resistance along the top cemented layer for each time instant. Figure 7.35 shows the back-
calculated lateral force time histories against the piles. Assuming the force applied to each
upslope and downslope pile is the same, the lateral force against the pile group was estimated as
the sum of the forces against [P1 and IP2, multiplied by 3. Figure 7.35 shows that the pile-group-
soil system was in the linear elastic range during the first second of shaking. Then, the force kept
increasing with a smaller lateral stiffness, reaching 1600 kN at about 4 sec. At that time the
cemented sand started to yield and the force decreased gradually up to 800 kN at the end of
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shaking. The downslope piles were subjected to larger forces than the upslope piles during most
of the excitation.
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Figure 7.35: Back-calculated lateral force time histories against the piles, Model p-3x2
7.5 Model p-6x2
7.5.1 Model Description

The setup and instrumentation used in Model p-6x2 are presented in Fig. 7.36. This model
simulates a 6x2 pile group connected with a pile cap perpendicular to the direction of lateral
spreading. The prototype profile consists of a 3 m thick Nevada sand layer placed at a relative
density of about 40%, on top and below a 3 m thick nonliquefiable slightly cemented layer. The
model is inclined 2° to the horizontal and saturated with de-ionized/de-aired water. At a
centrifugal acceleration of 50g the loose Nevada sand simulates a coarse sand layer, and the
inclination becomes 4.8° (Taboada, 1995).

The embedded piles have a prototype diameter of 55 cm and a bending stiffness (£I) of
approximately 78000 kN-m?”. The aluminum cap, embedded in the top cemented sand layer, has
prototype dimensions of 3.3 m in width, 9.9 m in length, and 0.64 m in height. Figure 7.37
displays a picture and schematic of the pile-cap-structure, showing the spacing between piles
(3d), as well as the aluminum block used to compact the cemented sand around the piles. Figure
7.38 shows a picture of the model during preparation, with the dashed line representing the pile
cap. Lines of colored sand were placed at intermediate depths within the liquefiable layer (Fig.
7.39) to observe the pattern of soil deformation around the piles. Thin layers of colored cemented
sand were placed as well at different elevations within the top cemented layer to observe the soil
condition after the test.

247



The model was excited by 30 cycles of a 100 Hz sinusoidal acceleration with uniform amplitude
of about 12g. At a centrifugal acceleration of 50g this corresponds to a frequency of 2 Hz and
peak acceleration of 0.24g.

The instrumentation used in Model p-6x2 is shown in Fig. 7.36 and listed in Table 7.4. The
model was instrumented with 18 accelerometers, 6 pore pressure transducers, and 10 LVDTs.
Three instrumented piles (IP1, IP2, and IP3) were used in the pile group foundation, as shown in
Fig. 7.36a. Detailed information about the strain gage configuration and the aluminum piles (type
A) used in this model is presented in section 2.7. Accelerations in the soil and outside the
laminar box, excess pore water pressure, lateral displacement of the soil and the pile cap, ground
surface settlement, bending moments, and axial forces were measured during the test.

7.5.2 Recorded Accelerations

Figure 7.40 shows the recorded input acceleration and soil acceleration time histories far from
the pile group at different depths. Acceleration amplitudes in the loose sand layer dropped
significantly after the first cycle of shaking due to liquefaction. Since the amount of lateral
spreading in this model was significantly reduced by the pile group, as shown in the following
sections, the negative spikes were not as large as in the other centrifuge tests. At the bottom of
the loose layer the acceleration increased during shaking, probably due to the boundary effect of
the bottom layer. The recorded acceleration in the top cemented layer (AS) shows a substantial
drop in amplitude after the first cycle of shaking, evidencing a sort of isolation of this layer once
the loose layer liquefied, despite the fact the pile group was embedded in this layer. The
acceleration record of the bottom cemented layer (Al) is very similar to the input acceleration;
the small spikes in each cycle must have been caused by a very small vibration of this layer.

The soil acceleration time histories between piles at two different depths are presented in Fig.
7.41. At 4.5 m the record is very similar to the one in the soil far from the pile group at the same
depth, indicating the soil did liquefy in the pile group area. Close to the bottom layer, the
acceleration record shows the same type of amplification observed at a certain distance from the
foundation.

Figure 7.42 presents the acceleration time histories on the pile cap, as well as the measured
horizontal and vertical acceleration at the base of the box. In this case the vertical acceleration of
the cap was much smaller than the vertical acceleration at the base. The acceleration
perpendicular to the direction of lateral spreading consists of small spikes generated by the pile
group vibration during shaking. On the other hand, one of the acceleration records in the
direction of lateral spreading contains high frequency spikes generated by the interaction
between the cap and the top cemented layer. Laminar ring accelerations recorded at various
elevations are presented in Fig. 7.43. These acceleration records are in reasonable agreement
with those measured in the soil in Fig. 7.40.
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Figure 7.36: (a)Setup and instrumentation used in Model p-6x2, (in prototype units);
(b) Transversal section of Model p-6x2
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Figure 7 .37: Pile-cap-structure, (a) schematic, (b) picture, Model p-6x2



Figure 7.38: Model during preparation, the dashed line represents the pile cap,
Model p-6x2

Figure 7.39: Colored sand placed at an intermediate depth, Model p-6x2
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Table 7.4: Location of instruments in Model p-6x2 (in model units)

Transducer Sensor Coordinates [cm]
name X Y V4
Ain 73.5 17.75 18.5
Al 55 17.75 15
A2 55 17.75 11
A3 55 17.75 9
A4 55 17.75 7
A5 55 17.75 3
A6 35.5 21 11
A7 355 21 9
A8 32.5 21 0.63
Accelerometer A9 39 14.5 0.63
Al0 35.5 17.75 0
All 35.5 8 0.63
Al3 72.5 17.75 18
Al4 71 17.75 15
Al5 71 17.75 11
Al6 71 17.75 9
Al7 71 17.75 7
Al8 71 17.75 3
P1 17 17.75 11
P2 17 17.75 9
Pore pressure P3 17 17.75 7
transducer P4 35.5 14.5 11
P5 35.5 14.5 9
P6 35.5 14.5 7
L1 0 24 14
L2 0 12 11
L3 0 24 9.1
L4 0 12 7.2
LVDT L5 0 24 3
L6 0 12 3
L7 39 21 -2
L8 32.5 14.5 2
L9 63 8 0
L10 26 24 0
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Table 7.4 (cont.): Location of instruments in Model p-6x2 (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
IP 1 IP 1 IP 1
SGl1 34.25 16 14
SG2 34.25 16 12.5
SG3 34.25 16 11.5
SG4 34.25 16 10
SG5 34.25 16 8
SG6 34.25 16 6.5
SG7 34.25 16 5.5
SGS8 34.25 16 3.75
SG9 34.25 16 2
1P 2 1P 2 P2
SG1 37.25 16 14
SG2 37.25 16 12.5
SG3 37.25 16 11.5
SG4 37.25 16 10
Strain gage SG5S 37.25 16 8
SG6 37.25 16 6.5
SG7 37.25 16 5.5
SGS8 37.25 16 3.75
SG9 37.25 16 2
IP 3 IP 3 IP 3
SGl1 37.25 9.75 14
SG2 37.25 9.75 12.5
SG3 37.25 9.75 11.5
SG4 37.25 9.75 10
SG5 37.25 9.75 8
SG6 37.25 9.75 6.5
SG7 37.25 9.75 5.5
SGS8 37.25 9.75 3.75
SG9 37.25 9.75 2
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7.5.3 Recorded Excess Pore Pressures

Excess pore pressure time histories in the short and long term are presented in Figs 7.44 and 7.45
respectively. These records reveal that the loose sand layer liquefied after about two cycles of
excitation. Like in the other models, vertical tubes were installed on both sides of the top layer to
help dissipate the excess pore water pressures. However, the lower permeability of this layer
compared to the one of Nevada sand, and the settlement process of the top cemented layer, seem
to have been responsible for: a) a slight increase in excess pore pressure after the soil was
liquefied, and b) a slow dissipation process during approximately the first 55 sec. Being
consistent with the other centrifuge tests, the excess pore pressure in the pile group area was
slightly smaller than in the free field, and the dissipation process in this area was slightly faster
than in the free field.

Free field Between piles

P6

Excess pore pressure [kPa]

Time [sec]

Figure 7.44: Short term excess pore pressure time histories in the free field and between
piles, the dashed lines correspond to initial liquefaction, Model p-6x2
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Figure 7.45: Long term excess pore pressure time histories in the free field and between
piles, the dashed lines correspond to initial liquefaction, Model p-6x2
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7.5.4 Recorded and Back-calculated Lateral Displacements

Figure 7.46 shows that the liquefied layer and top cemented layer displaced gradually during
shaking. Once the shaking process was finished, the soil lateral displacement stopped. On the
other hand, the recorded displacement of the bottom layer shows a very small vibration during
shaking, being consistent with the acceleration record at that elevation.

Pile cap
20 A
10
| — L8
04— — L7: malfunctioned |-
T T T T T T T T
30
1.5m
20 r
10 r
— L6
04 — 5
T T T T T T T T T T
30
3.6m
20 -
5 10
s T
o 30
] 4.55m L3
o 20 A T
]
o W
o0l L
T T T T T T T T T T
30
55m L2
20 A r
i 7W\A/\N\NVVW\’VV‘N“—_—‘,
0l L
T T T T T T T T T T
30
7m L1
20 -
10
04
0 2 4 6 8 10 12 14 16 18 20
Time [sec]

Figure 7.46: Soil and pile cap lateral displacement time histories, Model p-6x2

The profiles of soil lateral displacement were obtained by interpolating the LVDT
measurements, after filtering out the cyclic component (Fig. 7.47). As soon as the loose sand
liquefied at the beginning of shaking, the deposit started moving downslope, with the top
cemented layer reaching a maximum displacement of approximately 23 cm at the end of shaking,
compared to 135 cm of displacement in the case without piles (Model p-0). Therefore, the pile
group was able to reduce the measured lateral spreading by more than 80%.

The pile displacement profiles of the upslope pile IP1 and downslope pile IP3 were back-
calculated following the procedure presented in section 7.4.4. Figure 7.48 shows the back-
calculated rotational stiffness provided by the bottom cemented layer around the piles IP1 and
IP3 versus the corresponding bending moment at the base of the liquefiable layer.
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The stiffness provided at the base of the upslope pile IP1 was approximately 35000 kN-m/rad in
the elastic range. As the bending moment increased, the stiffness decreased linearly up to 23000
kN-m/rad, moment at which the cemented sand around the pile lost most of it strength. The
cemented sand around the downslope pile IP2 provided a larger constraint than around the
upslope pile. This trend was also observed in Model p-3x2 as discussed in section 7.4.4.
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Figure 7.47: Profiles of soil lateral displacement, Model p-6x2
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Figure 7.48: Back-calculated rotational stiffness provided by the bottom cemented layer
versus bending moment at the base of the liquefiable layer, Model p-6x2
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Since LVDTs L7 and L8 were located 2 cm above the ground surface, the correct pile cap lateral
displacement was obtained by subtracting the increment in displacement above the pile cap from
the LVDT measurements. Figure 7.49 compares the lateral displacement of the pile cap and top
cemented layer during shaking. During approximately the first 8 sec the displacement of the pile
cap and top cemented layer, without considering the cyclic component, were very similar. As the
excitation continued, a gap started developing on the downslope side of the pile group.

Finally, the lateral displacement profiles of the piles were obtained considering the deformation
by curvature and rotation. Figure 7.50 shows the lateral displacement profiles of the upslope pile
IP1 and the soil at different times. Since the piles were connected by a cap and most of the
displacement was due to the rotation at the base, these profiles are considered representative of
the pile group lateral displacement. As soon as the shaking started, the pile group offered a great
opposition against lateral spreading. This resistance induced a passive failure on the upslope side
of the cap, as shown in Fig. 7.53. The relative displacement developed during shaking between
the pile group and the top layer (t =15 sec) is confirmed by the gaps on the downslope side of the
cap, as shown in Fig. 7.52.

The ground surface settlement time histories far from the pile group and on the upslope side of
the pile group (close to the pile group) are presented in Fig. 7.51. During the shaking process the
top cemented layer far from the foundation settled 7 cm, mainly due to the rearrangement of
particles induced by shear strain. Once the shaking stopped, the settlement was caused by the
consolidation process of the liquefied layer, reaching a value of 14.5 cm. The ground surface on
the upslope side of the cap settled 5 cm during the excitation. However, a visual inspection after
the test revealed that the transducer used to record this settlement (L10) was located just outside
the passive wedge, and therefore this measurement does not represent the passive wedge vertical
movement.
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Figure 7.49: Lateral displacement time histories of the pile cap and top cemented layer, (¥)
after subtracting the increment in displacement above the pile cap, Model p-6x2
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7.5.5 Soil Condition around Pile Cap

Figure 7.52 shows the ground surface condition around the pile cap after the test. The cracks on
the upslope side of the pile group confirm the development of a passive failure. On the
downslope side, two gaps developed parallel to the pile cap. Since the pile group did neither
displace nor rotate much, the pile cap did not fail the soil on the downslope side.

Figure 7.53 shows a lateral view of the top cemented layer after carefully removing part of the
soil. The colored cemented sand placed at different elevations clearly identifies the passive
failure plane on the upslope side, which has an angle of 59° with the vertical. On the downslope
side the soil does not look very disturbed and there is no clear evidence of an active type of
failure.
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Figure 7.52: Ground surface condition around pile cap after the test, Model p-6x2
7.5.6 Pattern of Soil Displacement around Piles

Lines of colored sand were placed at intermediate depths to observe the pattern of soil
displacement around the piles. Figure 7.54 shows a picture of the soil condition taken after the
test, with the arrow indicating the direction of lateral spreading. The liquefied sand moved
around the individual piles, affecting the soil pattern close to the piles themselves. The
movement of the soil beyond this immediate neighborhood of the individual piles was very close
to that far from the piles. Therefore, the characteristic width perpendicular to the flow
determining the flow pattern was the diameter of the individual piles.

262



7X9-d [9POJAl ‘159 Y} 133k JdAR[ PIIUIWI) d0) dY) Ul UORIPUOI [10S :€S°L AN

PUES PajIalIal palo[od

dea apd w*_ku._mm el




before‘sha_king

direction of lateral spréading

Figure 7.54: Pattern of soil displacement around pile group, Model p-6x2
7.5.7 Recorded Bending Moments

Prototype bending moment time histories measured in the upslope pile IP1 and downslope piles
IP2 and IP3 are presented in Figs. 7.55, 7.56, and 7.57 respectively. Bending moment profiles for
the upslope pile IP1 and downslope pile IP3 are shown in Fig. 7.58, after filtering out the cyclic
component.

The profiles at 1 sec indicate that at the very beginning of the excitation the cemented sand
around the piles was in the elastic range, with the upper and lower moments being very similar
and the point of zero moment near the middle of the loose sand layer. The profiles at 3 sec show
that the moments in the upper part kept increasing slightly, with the maximum values taking
place near the middle of the top layer. This suggests that at the beginning of shaking the top
cemented sand started failing locally around each individual pile. At about 6 sec the upper
bending moment started decreasing, indicating that the passive failure in the top cemented layer
was developing. In the second half of the excitation the bending moments in the upper part kept
decreasing, with the maximum values taking place just below the pile cap.

In the lower part, the bending moments in both piles bounced back in the middle of the excitation
after reaching a maximum value. The moments were larger in the downslope pile than in the
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Figure 7.55: Bending moment time histories, upslope pile (IP 1), Model p-6x2
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Figure 7.58: Profiles of bending moment, upslope (IP 1) and downslope (IP 3) piles,
Model p-6x2

upslope pile, following the same trend observed in the 3x2 pile group. However, since the pile
group lateral displacement was much smaller, the pseudo p-A effect was not that significant. The
fact that the bending moment in the downslope pile did not increase after 10 sec must be related
to the passive failure of the top cemented layer. The bending moment on both piles varied
linearly with depth within the loose sand layer, indicating that the pressure applied by the
liquefied soil was negligible compared to the one applied by the top cemented layer.

7.5.8 Recorded Axial Forces

Figure 7.59 shows prototype axial force time histories obtained for the upslope pile IP1. The
axial force was zeroed at the beginning of shaking, and therefore represents the change in axial
force during the excitation. Profiles of axial force are shown in Fig. 7.60, after filtering out the
cyclic component. As expected the upslope pile was in tension during the excitation. Without
considering the values measured at 5 m depth, the axial force was in very good agreement with
the one measured in the upslope pile in Model p-3x2.

7.5.9 Lateral Force against Piles

The back-calculated lateral resistance was obtained following the same procedure described in
section 7.4.8. In this case the pile group displacement was smaller than in Model p-3x2, and the
effect of the axial load on the lateral resistance was also negligible.
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Figure 7.59: Axial force time histories, upslope pile (IP 1), Model p-6x2
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Figure 7.61 shows the profiles of soil lateral resistance against the upslope pile IP1 and
downslope pile IP3. As expected, the lateral resistance of the liquefied sand was very small
compared to the one of the top cemented layer. At the beginning of shaking the lateral resistance
was about 100 kN/m at the bottom of the top layer and slightly negative below the pile cap.
These smaller values for the elastic range, compared to the ones obtained in Models p-3x2 and p-
3x1, seem to be related with the fact the 6x2 pile group did not displaced and rotated much. As
the passive failure progressed, the lateral resistance at the lower part decreased. At shallower
elevations the lateral resistance at the end of shaking was about 150 kN/m.
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Figure 7.61: Profiles of back-calculated soil lateral resistance, Model p-6x2

The force time history applied by the top cemented layer was obtained by integrating the lateral
resistance along the top cemented layer for each time instant. Figure 7.62 shows the back-
calculated lateral force time histories against the piles IP1 and IP3. Assuming the force applied to
each upslope and downslope piles is the same, the lateral force against the pile group was
estimated as the sum of the forces against piles IP1 and IP3, multiplied by 6. Figure 7.62 shows
that the pile-group-soil system was in the linear elastic range the first second of shaking,
presenting a very large lateral stiffness. Then, the force increased slightly up to 1800 kN at about
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4 sec. At that time the cemented sand was not able to withstand more stress and the force
decreased gradually up to 1300 kN at the end of shaking. Like in Model p-3x2, the downslope
piles were subjected to larger forces than the upslope piles during most of the excitation.
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Figure 7.62: Back-calculated lateral force time histories against the piles, Model p-6x2
7.6 Model p-3x1
7.6.1 Model Description

The setup and instrumentation used in Model p-3x1 are presented in Fig. 7.63. This model
simulates a line of three piles connected with a pile cap perpendicular to the direction of lateral
spreading. Like the previous models, the prototype profile consists of a 3 m thick Nevada sand
layer with a relative density of 40%, on top and below a 3 m thick nonliquefiable slightly
cemented layer. The model is inclined 2° to the horizontal and saturated with de-ionized/de-aired
water. At a centrifugal acceleration of 50g the fine Nevada sand simulates a coarse sand layer,
and the inclination becomes 4.8° (Taboada, 1995).

The embedded piles have a prototype diameter of 55 cm and a bending stiffness (EI) of
approximately 78000 kN-m2. The aluminum cap, embedded in the top cemented sand layer, has
prototype dimensions of 1.65 m in width, 4.95 m in length, and 0.64 m in height. Figure 7.64
displays a picture and schematic of the pile-cap-structure, showing the spacing between piles
(3d), as well as the aluminum block used to compact the cemented layers. Figure 7.65 shows a
picture of the model during preparation, with the dashed line representing the pile cap. Lines of
colored sand were placed at intermediate depths within the liquefiable layer (Fig. 7.66) to
observe the pattern of soil deformation around the piles. Thin layers of colored cemented sand
were placed as well at different elevations within the top cemented layer to observe the soil
condition after the test.
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The model was excited by 30 cycles of a 100 Hz sinusoidal acceleration with uniform amplitude
of about 12g. At a centrifugal acceleration of 50g this corresponds to a frequency of 2 Hz and
peak acceleration of 0.24g.
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Figure 7.63: (a) Setup and instrumentation used in Model p-3x1, (in prototype units)
(b) Transversal section of Model p-3x1
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The instrumentation used in Model p-3x1 is shown in Fig. 7.63 and listed in Table 7.5. The
model was instrumented with 18 accelerometers, 7 pore pressure transducers, and 10 LVDTs.
Two instrumented piles (IP1 and IP2) were used in the pile group foundation, as shown in Fig.
7.63b. Detailed information about the strain gage configuration and the aluminum piles (type A)
used in this model is presented in section 2.7. Accelerations in the soil and outside the laminar
box, excess pore water pressure, lateral displacement of the soil and the pile cap, ground surface
settlement, bending moments, and axial forces were measured during the test.

Table 7.5: Location of instruments in Model p-3x1 (in model units)

Sensor Coordinates [cm]
Transducer name X Y Z
Ain 73.5 17.75 18.5
Al 55 17.75 15
A2 55 17.75 11
A3 55 17.75 9
A4 55 17.75 7
AS 55 17.75 3
A6 355 21 11
A7 35.5 21 9
A8 32.5 21 0.63
Accelerometer A9 39 14.5 0.63
A10 35.5 17.75 0
All 35.5 8 0.63
Al3 72.5 17.75 18
Al4 71 17.75 15
AlS 71 17.75 11
Al6 71 17.75 9
Al7 71 17.75 7
Al8 71 17.75 3
P1 17 17.75 11
P2 17 17.75 9
Pore pressure P3 17 17.75 7
transducer P4 35.5 14.5 11
P5 355 14.5 9
P6 35.5 14.5 7
L1 0 24 14
L2 0 12 11
L3 0 24 9.1
L4 0 12 7.2
LVDT L5 0 24 3
L6 0 12 3
L7 39 21 -2
L8 32.5 14.5 -2
L9 63 8 0
L10 26 24 0
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Table 7.5 (cont): Location of instruments in Model p-3x1 (in model units)

Transducer Sensor Coordinates [cm]
name X Y Z
IP 1 IP 1 IP 1
Strain gage IP 2 IP 2 IP 2
SG1 35.5 14.5 14
SG2 35.5 14.5 12.5
SG3 35.5 14.5 11.5
SG4 35.5 14.5 10
SG5 35.5 14.5 8
SG6 35.5 14.5 6.5
SG7 35.5 14.5 5.5
SG8 35.5 14.5 3.75
SG9 35.5 14.5 2

7.6.2 Recorded Accelerations

Figure 7.67 shows the recorded input acceleration and soil acceleration time histories far from
the pile group at different depths. Acceleration records in the loose sand show a drop in positive
amplitude, exhibiting as well large spikes in the negative direction after one or two cycles of
shaking. At the bottom of this layer however, the positive acceleration did not drop significantly,
probably due to the boundary effect of the bottom layer. The acceleration records indicate the
loose sand layer liquefied and displaced in the downslope direction during shaking. The recorded
acceleration in the top cemented layer (A5) evidences the dynamic isolation of this layer. The
bottom cemented layer acceleration was very similar to the input acceleration, indicating that no
sliding occurred between the bottom layer and the base of the laminar box. The soil acceleration
close to the external pile (A6), as shown in Fig. 7.68, was very similar to the one recorded in the
soil far from the piles at the same elevation (A2), indicating no large area of influence was
induced by the foundation.
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Figure 7.64: Pile-cap-structure, (a) schematic, (b) picture, Model p-3x1
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Figure 7.65: Model during preparation, the dashed line represents the pile cap, Model p-
3x1

Figure 7.66: Colored sand placed at an intermediate depth, Model p-3x1
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Figure 7.67: Soil acceleration time histories far from the pile group, Model p-3x1
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Figure 7.69 presents the acceleration time histories on the pile cap, as well as the measured
horizontal and vertical acceleration at the base of the laminar box. The vertical acceleration of
the pile cap seems to be related to the vertical acceleration at the base of the model. The
acceleration perpendicular to the direction of lateral spreading consists of small spikes generated
by the vibration of the pile group. On the other hand, the cap acceleration in the direction of
lateral spreading contains large high frequency spikes generated by the interaction between the
pile group and the top cemented layer. Laminar ring accelerations recorded at various elevations
are presented in Fig. 7.70. These acceleration records are in reasonable agreement with the ones
in the soil in Fig. 7.67.

7.6.3 Recorded Excess Pore Pressures

The excess pore pressure records reveal that the loose sand layer liquefied after about two or
three cycles of excitation. In the free field, the excess pore pressure slightly increased after
liquefaction was reached. On the other hand, the excess pore pressure in the pile group area was
slightly lower than in the free field. These trends, as well as the low dissipation rate in the free
field, are consistent with the results obtained in the previous centrifuge models (Models p-3x2
and p-6x2) and were already discussed. (Figures 7.71 and 7.72)

7.6.4 Recorded and Back-calculated Lateral Displacements

Figure 7.73 shows the recorded lateral displacement of the pile cap and soil at various depths.
The liquefied layer and top cemented layer displaced gradually during shaking. The records also
show that the bottom cemented layer practically did not move, being consistent with the
acceleration record at that elevation. Once the shaking process finished, the soil lateral
displacement stopped immediately. The pile cap on the other hand, remained vibrating for a short
period of time.

The profiles of soil lateral displacement were obtained interpolating the LVDT measurements,
after filtering out the cyclic component (Fig. 7.74). As soon as the loose sand liquefied at the
beginning of shaking, the top cemented layer started moving downslope, reaching a maximum
displacement of approximately 75 cm at the end of shaking, 60 cm less than the in the case
without piles (Model p-0). Therefore, the pile group was able to reduce the amount of lateral
spreading in almost 50%.

The pile displacement profiles of the center pile (IP1) was back-calculated following the
procedure presented in section 7.4.4. Figure 7.75 shows the back-calculated rotational stiffness
provided by the bottom cemented around the center pile layer versus the corresponding bending
moment at the base of the liquefiable layer.
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Figure 7.71: Short term excess pore pressure time histories in the free field and between
piles, the dashed lines correspond to initial liquefaction, Model p-3x1
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Figure 7.73: Soil and pile cap lateral displacement time histories, Model p-3x1
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Figure 7.75: Back-calculated rotational stiffness provided by the bottom cemented layer
versus bending moment at the base of the liquefiable layer, Model p-3x1

After ignoring the indetermination generated by very small rotations of the pile at the beginning
of shaking, the rotational stiffness in the elastic range was approximately 40000 kN-m/rad,
which is similar to the values estimated in Models p-3x2 and p-6x2. As the bending moment
increased, the stiffness around the pile decreased gradually up to about 20000 kN-m/rad without
showing an excessive lost in strength, even though the bending moments were much larger than
the ones measured in Models p-3x2 and p-6x2.

Since the LVDTs L7 and L8 were located 2 cm above the ground surface, the correct pile cap
lateral displacement was obtained by subtracting the increment in displacement above the pile
cap from the LVDT measurements. Figure 7.76 compares the lateral displacement of the pile cap
and top cemented layer during shaking. During approximately the firsts 9 sec the displacement of
the pile cap and top cemented layer, without considering the cyclic component, were very
similar. As the excitation continued, a gap started developing on the downslope side of the pile
group.

100

— L8: Pile cap (*)
— L6: Top cemented layer

Displacement [cm]

Time [sec]

Figure 7.76: Lateral displacement time histories of the pile cap and top cemented layer, (*)
after subtracting the increment in displacement above the pile cap, Model p-3x1
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Finally, the profiles of the pile lateral displacement were obtained considering the deformation
by curvature and rotation. Figure 7.77 shows the lateral displacement profiles of the pile group
and the soil at different times. The piles were so stiff, compared to the bottom cemented layer,
that a large percentage of the pile lateral displacement was caused by the rotation at the base.
Since the top cemented layer moved as a rigid block, the pile group tried to break the soil around
it as soon as it started rotating at the beginning of shaking, as shown in Fig. 7.77. Near the
ground surface, the pile cap snapped the cemented sand in the downslope direction. At deeper
elevations within the top layer, the pile group tried to break the cemented sand in the upslope
direction. In this case however, the pile group induced a passive failure, as shown in the
following sections. As passive failure progressed, the top cemented layer far from the pile group

ended up displacing more than the pile cap (t =15 sec).
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The ground surface settlement time histories far from the foundation and on the upslope side of
the pile group (close to the cap) are presented in Fig. 7.78. During the shaking process the top
cemented layer far from the piles settled 7.5 cm. Once the shaking stopped, the settlement
continued due to the consolidation process of the liquefied layer, reaching a value of 14 cm after
about 80 sec. These values are in very good agreement with the ones measured in the other
models. On the other hand, the ground surface on the upslope side of the pile group moved up
during the excitation. This measurement, corresponding to the passive wedge, indicates that the
passive failure developed gradually during the excitation process. Once the shaking stopped, the
passive wedge started settling with a similar rate than the one far from the pile group.

-20

Y —— L10: Passive wedge
~ — L9: Far from the pile group

Settlement [cm]
[}
2
2

0 2 4 6 8 10 12 14 16 18 20
Time [sec]
(a)
-20
-15 1 N r
M‘N\NWN
T 10 ] i 1
3 /
c 5 A b
g ﬂﬂ —— L10: Passive wedge
3 0 =~ — L9: Far from the pile group [
b 51
10
15 4 r

0 10 20 30 40 50 60 70 80
Time [sec]

(b)

Figure 7.78: Ground surface settlement time histories far from the pile group and on the
passive wedge, (a) short term, (b) long term, Model p-3x1
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7.6.5 Soil Condition around Pile Cap

Figure 7.79 shows pictures of the ground surface condition after the test. The cracks on the
upslope side of the pile group confirm the development of a passive failure. On the downslope
side of the cap the soil was excessively damaged after it was pushed by the pile cap. The sand
boils on the downslope side are evidence of the gaps that developed as the passive failure
progressed. The permanent deformation of the pile group is displayed in Fig. 7.79c.

(a)

Figure 7.79: Ground surface condition around pile cap after the test, (a) top view,
Model p-3x1
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Figure 7.79(cont.): Ground surface condition around pile cap after the test, (b) inclined
view, (c) lateral view, Model p-3x1
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Figure 7.80 shows a lateral view of the top cemented layer after carefully removing part of the
soil. The colored cemented sand placed at different elevations clearly identifies the passive
failure plane, which has an angle of 56° with the vertical. No active or passive type of failure is
observed on the downslope side of the pile group. Near the pile cap however, the soil looks very
disturbed. The gaps developed on the downslope side of the cap induced a path for the
dissipation of excess pore pressure, as shown in Fig. 7.80.

7.6.6 Pattern of Soil Displacement around Piles

Lines of colored sand were placed at intermediate depths to observe the pattern of soil
displacement around the piles. Figure 7.81 shows a picture of the soil condition taken after the
test, with the arrow indicating the direction of lateral spreading. The liquefied sand moved
around the individual piles, affecting the soil pattern close to the piles themselves.

7.6.7 Recorded Bending Moments

Prototype bending moment time histories measured in the center pile IP1 and external pile IP2
are presented in Figs. 7.82 and 7.83, respectively. Bending moment profiles for both piles are
shown in Fig. 7.84, after filtering out the cyclic component. The bending moments near the
bottom of the liquefiable layer increased monotonically in both piles, reaching a maximum value
of approximately 1400 kN-m in the center pile and 1550 kN-m in the external pile. This
difference indicates the cemented sand around the external piles offered slightly more constrain
than the soil around the center pile. On the other hand, the bending moments in the upper part
were very similar.

The profiles at 1 sec suggest that at the very beginning of the excitation the cemented sand
around the piles was in the elastic range, with the upper and lower moments being very similar
and the point of zero moment near the middle of the loose layer. The profiles at 3 sec show that
the moments in the upper part kept increasing, with the maximum moments taking place near the
middle of the cemented layer, suggesting the cemented sand started failing locally around each
individual pile. At about 6 sec the profiles show that the top cemented layer was failing around
the pile group, with the upper bending moments decreasing and the maximum values taking
place just below the pile cap. In the second half of the excitation, the bending moments below
the pile cap were practically zero, indicating the pile group head was able to rotate almost freely
without much resistance from the top cemented layer.
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Figure 7.81: Pattern of soil displacement around pile group, Model p-3x1

At all times the bending moment on both piles varied approximately linearly with depth within
the loose sand layer, indicating that the pressure applied by the liquefied soil was negligible
compared to the one applied by the top cemented layer. The bending moments seems to indicate
that at the beginning of shaking the resistance was controlled by the soil around each individual
pile, but as the passive failure developed, the resistance on the piles was controlled mainly by the
soil around the pile group.
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Figure 7.82: Bending moment time histories, center pile (IP 1),
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Figure 7.83: Bending moment time histories, external pile (IP 2), Model p-3x1
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Model p-3x1

7.6.8 Recorded Axial Forces

Figures 7.85 and 7.86 show prototype axial force time histories obtained for the center and
external pile respectively. Positive values represent tension while negative values represent
compression. The axial forces were zeroed at the beginning of shaking, and therefore represent
the change in axial force during the excitation. The axial force was very similar in both piles. In
the first couple of seconds the piles were subjected to compression forces, reaching a value of
about 150 kN. This force is related to the weight of the top cemented layer that was supported in
part by the pile group once the loose sand layer liquefied. As lateral spreading continued, the
piles started being pushed up. This result is consistent with the net vertical force measured in the
3x2 pile group, probably caused by the excess pore pressure in the liquefied layer and the
vertical movement of the passive wedge.

7.6.9 Lateral Force against Piles

The back-calculated lateral resistance was obtained following the same procedure described in
section 7.4.8. Fig. 7.87 shows the profiles of soil lateral resistance against the center pile. As
expected, the lateral resistance of the liquefied sand was negligible compared to the one of the
top cemented layer. At the beginning of the excitation, the soil resistance in the elastic range
varied linearly from approximately 400 kN/m at the bottom of the top layer to -400 kN/m below

292



the cap. These values evidence the large resistance of the cemented sand to the pile rotation at
the beginning of shaking. The reduction in resistance near the ground surface must be related to
the low strength of the smashed soil, and the gap developed on the downslope side. As passive
failure progressed, the cemented sand around the pile group did not offer too much resistance.

The force time history applied by the top cemented layer was obtained by integrating the lateral
resistance along the top cemented layer for each time instant. Figure 7.88 shows the back-
calculated lateral force time history against the center pile. Since the bending moment at the base
of the liquefiable layer in the external pile was about 10% larger than in the center pile, the
lateral force against the pile group was obtained by multiplying the force against the center pile
by a factor of 3.2. The pile-group-soil system response was in the linear elastic range the first
second of shaking. Then, the force kept increasing with a smaller lateral stiffness, reaching 1100
kN at about 4 sec. At that time the cemented sand was not able to withstand more stress and the
force decreased gradually up to 900 kN at the end of shaking.
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Figure 7.85: Axial force time histories, center pile (IP 1), Model p-3x1
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CHAPTER 8
SUMMARY, ANALYSES AND DISCUSSIONS ON PILE PINNING EFFECT ON
LATERAL SPREADING

8.1 Introduction

A series of four centrifuge tests were conducted at the 150 g-ton RPI centrifuge facility to study
the reinforcing or pinning effect the pile groups have on the lateral spreading. The centrifuge
models, discussed in detailed in chapter 7, were conducted on a slightly inclined laminar box
subjected to in-flight base shaking, and they simulate the case of a nonliquefied crust riding on
top of a liquefied sand layer. The prototype profiles consist of a 3 m thick layer of liquefiable
Nevada sand on top and below a 3 m thick slightly cemented sand layer. The first centrifuge test
(Model p-0) did not include piles and was the benchmark experiment to simulate lateral
spreading in the free field. Using a similar setup, the other centrifuge tests simulated the response
of a 3x2, 6x2, and 3x1 pile group respectively. The pile groups were connected by a cap and
embedded in the three layer soil profile. In this type of soil profiles, the load applied to the
foundations is essentially controlled by the top nonliquefiable layer, with the pressure of the
liquefied soil being negligible. Therefore, the models were saturated with water instead of
viscous pore fluid. The instrumentation within the model consisted of accelerometers and pore
pressure transducers placed close and far from the foundations, 9 pairs of strain gages along the
instrumented piles, and color sand placed at intermediate elevations within the liquefiable layer
as well as in the top cemented layer.

This chapter summarizes the results and trends observed in these four centrifuge tests, providing
evidence of the reinforcing effect that pile foundations have on liquefaction induced lateral
spreading. An analysis approach based on the back-calculated forces acting on the pile groups is
also presented in this chapter. Table 8.1 summarizes the properties and measurements from the
centrifuge tests. Conclusions and recommendations are presented in chapter 9.

Table 8.1: Summary of properties and measurements from centrifuge tests

Model p-0 p-3x2 p-6x2 p-3x1
Pile configuration No foundation 3x2 6x2 3x1
Pile cap — Yes Yes Yes
Fluid viscosity (p,: viscosity of water) 1 1 1 1
Input acceleration amplitude [g] 0.24 0.24 0.24 0.24
Max. free field displacement [cm] 135 65 23 75
Max. pile cap displacement [cm] — 43 15 67
Estimated pile cap displacement [cm] - 41 14 63

Estimated pile cap displacement with the approach presented in section 8.10
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8.2 Summary of Soil Accelerations

The measured input acceleration in all four centrifuge tests has a maximum amplitude of 0.24g in
prototype units, showing once again the excellent repeatability of the large 1-D shaker. Some of
the trends observed from the recorded soil acceleration (Figs. 7.3, 7.15, 7.40 and 7.67) could be
summarized as follows: (i) in the loose sand layer the positive amplitude decreased significantly
at the beginning of shaking due to the liquefaction process; (i1) in the liquefied layer the records
contain large negative spikes due to the dilative behavior of the saturated loose sand during
lateral spreading, with the amplitude of the spikes being slightly smaller in the models with less
lateral spreading; (iii) in the top cemented layer the records show a considerable drop in
amplitude after the first cycle of shaking, indicating dynamic isolation once the loose sand
liquefied, and (iv) in the bottom cemented later the acceleration was very similar to the input
acceleration, indicating no sliding occurred between this layer and the base of the laminar box.

8.3 Summary of Excess Pore Pressure Development

In order to improve the dissipation process during the tests, small vertical tubes were placed
during model preparation at each side of the top cemented layer. Some of the trends observed
from the excess pore pressure records (Figs. 7.5, 7.19, 7.44 and 7.71) could be summarized as
follows: (i) the loose sand in the free field and pile group area liquefied after a few cycles of
excitation, in agreement with the trend exhibited by the acceleration records; (ii) the excess pore
pressure kept increasing slightly after the loose sand was liquefied due to the low permeability
and the settlement of the top layer; (ii1) the dissipation process was slowed by the low
permeability and the settlement of the top layer; and (iv) the dissipation process in the pile group
area was slightly faster than in the free field (far from the pile groups) due to small gaps
developed on the top cemented layer close to the pile groups, as shown in Fig. 8.4.

8.4 Summary of Soil Lateral Displacement and Ground Settlement

Figure 8.1 shows the lateral displacement of the top cemented layer measured in the four
centrifuge tests. In all the cases the top layer started displacing as soon as the loose sand
liquefied at the beginning of shaking. Once the excitation finished, the lateral displacement
stopped immediately, even though the loose sand layer was still liquefied. This phenomenon
confirms that the inertia forces due to shaking are necessary for the ground deformation to
continue. Figure 8.1 and Table 8.1 illustrate very well the reinforcing effect of pile groups
against lateral spreading. In the model without piles (Model p-0), the top layer reached a lateral
displacement of 135 cm, whereas in the models with pile groups the top layer lateral
displacement was reduced up to 80%. As expected, the largest reduction was in Model p-6x2,
where the maximum displacement was only 23 cm. In Model p-3x2 the reduction of lateral
spreading was close to 50%. It is interesting that the 3x1 pile group was able to reduce the lateral
spreading almost as much as the 3x2 pile group did, even though it did not have the frame effect.
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Figure 8.1: Summary of ground surface lateral displacements

Figure 8.2 compares the profiles of soil lateral displacement measured in the four centrifuge
tests. As expected, the soil deformation took place in the liquefied layer, with the bottom and top
cemented layers behaving as rigid blocks. The profiles show that the lateral displacement of the
liquefied layer was significantly affected by the top layer displacement. In Model p-0, it seems
that the inertial forces tended to increase the lateral displacement of the top cemented layer. As a
result, the top layer started pulling the liquefied sand in the downslope direction, affecting the
profile in the top meter within the loose sand layer. On the other hand, as the displacement of the
cemented layer was being reduced by the presence of the pile groups, the liquefied sand was
pulled back by the top layer. This effect is clearly demonstrated in Model p-6x2, where the
maximum displacement took place within the liquefied layer instead of at the ground surface.
The profiles also show that the influence of the top cemented layer did not reach the bottom of
the liquefiable layer.

Figure 8.3 shows the settlement of the ground surface in three of the four centrifuge tests, as
measured with LVDT transducers. In Models p-6x2 and p-3x1 the settlement at the end of
excitation was about 7 cm. The vertical movement of the ground surface in Model p-0 was
apparently affected by a longitudinal fracture developed in the top cemented layer during the
excitation, as previously discussed in section 7.3.4. However, once the consolidation process of
the liquefied layer finished, the settlement in the three tests was very similar, showing a good
repeatability.
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8.5 Summary of Soil Condition around Pile Groups

The displacement profiles of the piles were obtained in a first approximation considering only
the curvature due to bending moment. However, the estimated lateral displacements differed
considerably from the ones measured by the LVDTs during the test. It was very clear that as the
piles were very stiff compared to the bottom cemented layer, most of the displacement was
caused by pile rotation at the base. This rotation was hence back-calculated by matching the
estimated and measured lateral displacements. The displacement profiles of the piles and soil
corresponding to Models p-3x2, p-6x2, and p-3x1 are plotted in Figs. 7.25, 7.50 and 7.77
respectively.

Since the top cemented layer moved as a rigid block in the free field, the pile groups tended to
stop the soil movement and break the soil around it as soon as the soil movement increased and
the piles started rotating at the beginning of shaking. Near the ground surface, the pile caps
tended to push into the cemented sand in the downslope direction. This tendency was stronger in
Model p-3x1, where the pile group deformed so much that it broke the cemented sand near the
surface. On the other hand, the displacement and rotation of the 6x2 pile group was much smaller
and the phenomenon was not observed. At deeper elevations within the top cemented layer, the
pile groups offered such a large restriction in the upslope direction that they induced a passive
failure in the soil.

Figure 8.4 summarizes the soil condition on the ground surface around the pile groups, where the
cracks on the upslope side of the pile groups are evidence of the soil passive failures. Moreover,
the passive failure planes were clearly identified on the vertical cuts done on the cemented layer
after the tests, as shown in Figs. 7.53 and 7.80. On the other hand, the vertical movement of the
passive wedge in Model p-3x1 (Fig. 7.78) indicated that the passive failure developed gradually
during the excitation, instead of being sudden. As the failure progressed, the top layer in the free
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field started displacing more than the pile caps (Figs. 7.25, 7.50 and 7.77), inducing gaps on the
downslope side of the pile groups. These gaps served as drainages for the excess pore pressure,
as evidenced by the sand boils shown in Fig. 8.4.

8.6 Summary of the Rotational Stiffness Provided by the Bottom Cemented Layer

The rotational stiffness provided by the bottom cemented layer was estimated by dividing the
piles bending moment at the base of the liquefiable layer by the rotation of the corresponding
piles. Figure 8.5 summarizes the back-calculated rotational stiffness versus bending moment at
the base of the liquefiable layer, stiffness that was obtained in sections 7.4.4, 7.5.4 and 7.7.4.
After ignoring the indetermination generated by very small rotations of the piles at the beginning
of shaking, the rotational stiffness in the elastic range was in the order of 40000 kN-m/rad. In
Model p-3x1, the stiffness provided by the cemented sand around each pile decreased gradually
up to approximately 20000 kN-m/rad, without showing an excessive lost in strength. In the other
models however, the rotational stiffness decreased drastically during shaking, with the bottom
cemented sand being able to withstand much smaller bending moments than in Model p-3x1. On
the other hand, the fact that the piles behaved linearly under bending moments of at least 800
kN-m, based on the pile calibration tests, support that the rotations at the base were caused by a
reduction in the fixation rather than by plastic hinges on the piles.

The huge difference in response between the 3x1 pile group and the other pile groups appears to
be related to the frame action. Under relatively small bending moments, the cemented sand
around each pile provided support. However, it appears that at some point the cemented sand
between the upslope and downslope piles started “moving” with the piles without providing
much support. In other words, in terms of bottom fixation each frame of two piles behaved as a
single and wider pile.

A similar phenomenon may have happened in the transverse direction, since the back-calculated
rotational stiffnesses in the 6x2 pile group are smaller than the ones in the 3x2 pile group. It
seems that at some point in time the cemented sand between piles in the transversal direction also
started “moving” with the piles, proving less support. The cemented sand next to the external
piles was not affected by this phenomenon, hence explaining the difference in response between
the 3x2 pile group (4 out of 6 are external piles) and the 6x2 pile group (4 out of 12 are external
piles). The fact that the maximum bending moment in the external pile in the 3x1 pile group was
about 15% larger than in the center pile tends to support this hypothesis, as shown in Fig. 7.84.

It is interesting also to highlight that the rotational stiffness provided to the downslope piles was
considerably larger than that provided to the upslope piles, as shown in Fig. 8.5. This difference
in response seems to be related to the fact that the upslope piles were under tension, and
therefore the cemented sand around them was being unloaded in the vertical direction hence
providing less confinement.
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Figure 8.5: Back-calculated rotational stiffness provided by the bottom cemented layer
versus bending moment at the base of the liquefiable layer

8.7 Summary of Bending Moments

Figure 8.6 summarizes the profiles of bending moments obtained in the centrifuge tests, after
filtering out the cyclic component. The profiles correspond to the upslope and downslope piles
from the 3x2 and 6x2 pile groups, and the center and external piles from the 3x1 pile group. The
most important trends and findings are that: (i) at the very beginning of the excitation the
cemented sand around the piles was in the elastic range, with the upper and lower bending
moments being very similar; (ii) once the passive failure started developing after a few seconds
of shaking the upper bending moments started decreasing; (iii) in the 3x1 pile group the upper
bending moments decreased down to zero once the passive failure allowed the pile head to
rotate; (iv) the pseudo p-A effect increased the bending moments in the downslope piles and
decreased the moments in the upslope piles, as the pile group displacement was increasing; and
(v) at all times the bending moment varied essentially linearly within the loose sand layer,
indicating that the pressure applied by the liquefied soil was negligible compared to the one
applied by the top cemented layer.

8.8 Summary of Lateral Resistance against Pile Groups

In order to further investigate the soil-pile-group interaction during lateral spreading, back-
calculated lateral resistances against the piles were obtained from the bending moment
distributions. As discussed in sections 7.4.8 and 7.5.9, the axial force did not have a significant
effect on the lateral resistance and therefore was not considered in the analyses. Figure 8.7
summarizes the lateral resistance profiles obtained for the 3x2, 6x2, and 3x1 pile groups.
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As expected, the lateral resistance of the liquefied sand was very small compared to that of the
top cemented layer. At the very beginning of the excitation, the soil resistance in the top
cemented layer varied linearly from positive values at the bottom of this layer to negatives ones
near the ground surface, with the positive and negative values corresponding to the elastic
resistance of the cemented sand to the pile rotation. The magnitude of these values was
proportional to the degree of pile rotation, with the largest values in the 3x1 pile group and the
smallest ones in the 6x2 pile group. Actually, since the rotation of the 6x2 pile group was very
small at the beginning, the soil resistance increased linearly with depth, being consistent with a
regular lateral soil pressure profile.

Once the gaps developed on the downslope side of the pile groups, the negative lateral resistance
was reduced significantly. As the passive failure progressed and the confinement provided by the
bottom cemented sand dropped, the lateral resistance decreased.

8.9 Summary and Analyses of Lateral Forces against Pile Groups

The force time history applied by the top cemented layer against a single pile was obtained by
integrating the lateral resistance along the top cemented layer for each time instant. Following
the approach discussed in sections 7.4.8, 7.5.9. and 7.6.9, the lateral force time histories against
the pile groups were obtained and plotted in Fig. 8.8. The forces increased quickly, reaching a
maximum value after about 4 sec of shaking. Afterwards, the forces decreased to some extend
until the end of shaking. The maximum force against the 3x2 pile group was significantly larger
than the one in the 3x1 pile group; however at the end of shaking both lateral forces reached the
same residual value.
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Figure 8.8: Summary of back-calculated lateral force time histories

Figure 8.9 shows the back-calculated lateral force versus the pile cap lateral displacement for the
3 pile groups. These curves exhibit the typical behavior of loading tests. The stiffer the structural
system, the larger is the load and the more brittle is the failure, as in the case in Model p-6x2.
The 3x1 pile group on the other hand was able to withstand less load, although its behavior was
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more ductile. As expected, the response of the 3x2 pile group was in between these two cases. In
order to compare these curves (Fig. 8.9) in the linear-elastic range, the forces in the 6x2 and 3x1
pile groups were normalized with respect to the one in the 3x2 pile group. Since at the very
beginning of the excitation the passive failure had not yet developed and the top layer was still a
rigid block around the piles, the pile caps were not playing any role. For that reason, the force
against the pile groups should be proportional only to the number of piles. Therefore, the force
against the 6x2 pile group was divided by 2 and the force acting on the 3x1 pile group was
multiplied by 2. Figure 8.10 presents these normalized lateral forces versus the pile cap lateral
displacements. The normalized stiffness in the linear-elastic range is practically the same in the
three cases, validating the hypothesis that at the very beginning of shaking the lateral stiffness
was proportional to the number of piles.
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Figure 8.9: Back-calculated lateral force versus pile cap lateral displacement
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Figure 8.10: Normalized lateral force versus pile cap lateral displacement
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Based on Fig. 8.10, it is possible to infer that at the very beginning of shaking the shear strength
of the cemented sand was so large that the force was controlled by the pile group stiffness.
However, as the confinement of the bottom cemented sand was being reduced and the passive
failure started developing in the upper cemented layer, the lateral stiffness of the pile groups
started decreasing. At some point during shaking the soil was not able to withstand more stresses
and the forces started decreasing as well. As the passive failure kept developing and the
corresponding shear strains were increasing, it appears that the cementation along the passive
plane started disappearing. Finally, the passive force decreased up to a “residual” value
controlled by the residual strength of the soil without cementation and by the effective area
corresponding to the passive wedge. In order to support this hypothesis, the “residual” passive
force (P) against the 3x1 and 3x2 pile groups was estimated as a first approximation using the
Rankine theory, as follows:

P:%-;/'-hz -tan’(6)-w [8.1]

where y’ is the buoyant unit weight, 4 is the height of the top cemented layer, @ is the angle of the
failure plane with respect to the vertical, and w is the effective width of the pile group subjected
to the passive pressure. The value of 6 used in this analysis was 57°, corresponding to the
average of the angles measured in the vertical cuts after the tests, as shown in Fig. 7.53 and 7.80
(56° in Model p-3x1 and 58° in Model p-6x2). In order to consider the vertical sides of the
passive wedges, an effective width of 1.5 m at each side of the pile group was added to the 5 m
width of the pile cap. This approximation gives a passive force of 980 kN, very close to the 900
kN back-calculated in both pile groups at the end of shaking. In the 6x2 pile group each side of
the passive wedge was also considered as an additional affective width of 1.5 m, giving a total
effective width of 13 m. This dimension is almost 1.6 times the effective width in the 3x1 and
3x2 pile groups, which is very close to the ratio of residual forces 1300/900 = 1.45 (Fig. 8.8),
supporting the analyses.

Figure 8.11 shows the relative displacement between the pile cap and the ground surface,
obtained by subtracting the pile cap lateral displacement from the top cemented layer
displacement, after filtering out the cyclic component. Figure 8.12 shows the back-calculated
force presented in Fig. 8.8 versus the relative displacement between the pile cap and the ground
surface. The forces in the 3x2 and 6x2 pile groups increased practically with no relative
displacement. However, as soon as the passive failure started developing, the forces started
decreasing as well. In Model p-3x1 the negative relative displacement is related to the snapping
of the pile group into the cemented sand in the downslope direction, as shown in Fig. 7.77.

8.10 Analysis of Pile Pinning Effect

As previously discussed in chapter 1, the Newmark approach involves a series of assumptions
like the magnitude of the shear strength of the liquefied soil, and sliding occurring within a
known plane. Besides, in order to implement the pinning effect, the pile shear forces at the
location of the failure plane have to be represented as an equivalent shear strength. Trying to
implement the Newmark approach for our centrifuge tests proved to be difficult and uncertain.
Therefore, it was decided to continue the analyses with the back-calculated forces and lateral
displacement measurements.

309



Relative displacement between the
pile cap and ground surface [cm]

N
(6]

'
]
|

N
<}
!

\

\

\

-
)]
|

-
o
|

(6]
|

o
|

Model p-3x2
Model p-6x2

e Model p-3x1

Time [sec]

Figure 8.11: Relative displacement between the pile cap and ground surface time histories

Force [kN]

2000

1500

1000 4%

500

I ——— Model p-6x2
ffffff Model p-3x1

Model p-3x2 |

-5 0 5 10 15 20

Relative displacement between pile cap and ground surface [cm]

25

Figure 8.12: Lateral force versus relative displacement between pile cap and ground

surface

Figure 8.13 summarizes the reduction of lateral spreading time histories with respect to the free
field condition. These curves were obtained by subtracting the ground surface lateral
displacement of the models involving piles from the one measured in the free field condition
(Model p-0), after filtering out the cyclic component. As expected, the largest reduction was in
Model p-6x2 and the smallest one in Model p-3x1. In the first 4 sec the reduction seems to be
proportional to the pile group stiffness. However, once the passive failure developed, the
additional reduction seems to become proportional to the effective width subjected to the passive

pressure.

The response of the centrifuge models is now analyzed using a superposition approach. First, the
pile cap is assumed to displace the same amount as in the free field (Model p-0), offering no
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restriction to the lateral movement. Then, the back-calculated force time history against the pile
group is applied against the top cemented layer, moving the pile group back to its actual position
at the end of shaking. This pile cap movement is in other words the reduction of lateral spreading
(presented in Fig. 8.13) plus the relative displacement between the pile cap and the ground
surface (presented in Fig. 8.11). Figure 8.14 shows this relative displacement between pile cap
and ground surface in the free field condition versus time in the three centrifuge models. The
amount the pile cap moved back is related to the pile group force applied to the top cemented
layer. Moreover, the longer the force is applied, the longer the displacement should be. The pile
force applied against the top layer (Fig. 8.8) was hence integrated in time for the three cases and
is plotted in Fig. 8.15. Figure 8.16 shows the integrated force in time versus the relative
displacement between the pile cap and ground surface in the free field condition (presented in
Fig. 8.14) for the three pile groups, showing an excellent linear correlation between these two
parameters.
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the ground surface in the free field condition [cm]

and the ground surface in the free field condition (Fig. 8.14)

Given the fact the ground surface lateral displacement in the free field condition (Model p-0) is
known, this correlation could be used to estimate the lateral displacement of other pile group
configurations for the same soil setup. Moreover, assuming a small passive failure displacement,
it would be possible to estimate the reduction in lateral spreading of the ground surface.

Consequently, in order to estimate the pile group displacement, the force-time history against the
pile group is needed. Unfortunately, it is not possible to obtain directly the force time history,
unless the pile group is subjected to the lateral spreading induced by the same input shaking. On
the other hand, a force versus displacement curve, like the ones of Fig. 8.9, is not easy to obtain.
These are not typical push-over curves since the force against the pile group is also controlled by
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the cemented sand resistance, explaining the reduction in force during shaking. Even in the case
of estimating a force versus displacement curve, the pile cap displacement time history is still
needed in order to obtain the force-time history.

To compare the pile cap displacement time histories of the three pile groups, they were
normalized with respect to their maximum values at the end of shaking, as shown in Fig. 8.17.
Considering the large difference in pile group stiffness between the 3x1 and 6x2 pile groups, the
difference in the normalized curves is not that significant.
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Figure 8.17: Normalized pile cap lateral displacement time histories

As an approximation, it can be assumed that a pile group with a lateral stiffness between the ones
of the 3x1 and 6x2 pile groups will have a normalized pile cap lateral displacement similar to the
average curve, as shown in Fig. 8.17. Therefore, the only additional curve needed for the analysis
is a force versus displacement curve. For the approach presented below, the linear correlation
between the integrated force in time and the “relative displacement between the pile cap and
ground surface in the free field” was obtained only with the maximum value of the 6x2 pile
group curve (25000 kN-sec, 120 cm) of Fig. 8.16, passing through the origin. This approach
however is useful only for conditions similar to the ones of the centrifuge tests, like profile, soil
properties, ground inclination, and input motion. More than a predictive tool, this can be used as
a sensitivity analysis to investigate the reinforcing effect pile groups have on the reduction of
lateral spreading. A simplified iterative analysis is described below and is illustrated in Fig. 8.18.

1. The average curve in Fig. 8.17 is assumed as normalized pile cap displacement.
2. Assuming a maximum pile cap displacement at the end of the excitation (trial), the pile
cap displacement time history is obtained by multiplying the normalized curve by the

trial value.

3. The pile cap displacement for a certain time instant is used in the force versus
displacement curve to estimate the force at that time.
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4. The force-time history curve against the pile group is obtained by repeating step 3 for the
whole duration of the excitation (using a small computer subroutine).

5. The force-time history is integrated in time.

6. Using the integrated force in time at the end of shaking in the linear correlation, the
relative displacement between the pile cap and ground surface in the free field (Apg) can
be estimated.

7. The calculated pile cap displacement is obtained by subtracting the estimated Apg from
the maximum ground surface lateral displacement in the free field condition (Model p-0).

8. The process is repeated from step 2 increasing the trial with a small increment until the
calculated pile cap displacement is equal to the trial value.

In order to verify this approach, the 3x1 pile group displacement was estimated following the
approach presented above. Using the force versus displacement curve shown in Fig. 8.9 and the
average normalized pile cap displacement curve instead of the measured one (Fig. 8.17), the
predicted pile cap displacement is 63 cm, as illustrated in Fig. 8.19, compared to 67 cm measured
in Model p-3x1. Considering that the linear correlation was obtained with the value of the 6x2
pile group and that the average curve was used as normalized pile cap displacement, the
prediction is very good. Following the same approach, the predicted displacement of the 3x2 pile
group is 41 cm, in very good agreement with 43 cm measured in Model p-3x2.

Since the 3x1 pile group proved to be very efficient in reducing lateral spreading, two 3x1 pile
groups seems like an interesting configuration, separated long enough to avoid any influence
within the cemented sand layers. In this particular case the force versus displacement curve
would be the one obtained in the 3x1 pile group, but multiplied by a factor of 2. The estimated
pile group displacements using the analytical approach above is 23 cm, much smaller than the
3x2 pile group displacement.
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SECTION 9
CONCLUSIONS AND RECOMMENDATIONS

9.1 Soil Permeability Effect on Pile Response to Lateral Spreading
9.1.1 Conclusions

Liquefaction-induced lateral spreading continues to be a major cause of damage to deep
foundations. A series of six centrifuge tests were conducted at the 150 g-ton RPI centrifuge to
investigate the effect of soil permeability on the response of single piles and pile groups to
lateral spreading. The most relevant conclusions based mainly on the summary and discussions
presented in chapter 6 are:

e Even though the free field ground surface deformation was very similar in all six tests, in
the models with a higher permeability the shear strains tended to decrease with depth,
whereas in the models with a lower permeability the shear strains tended to increase with
depth. This phenomenon appears to be related to a reduction in pore pressure near the
bottom of the liquefiable layer in the water-saturated models due to the fast dissipation
process, as well as to the reduction in pore pressure near the ground surface in the models
saturated with viscous fluid due to shear strains developed under low confinement.

e In the high permeability models (water-saturated) the pile lateral displacements and
associated bending moments reached a maximum value after a few seconds of shaking,
decreasing afterwards. However, in the low permeability models (saturated with viscous
fluid), the pile lateral displacements and associated moments increased gradually, reaching
at the end of the excitation values as large as 6 times the ones observed in the models
saturated with water.

e  The reduction in lateral stress on the downslope side of the piles, as well as large shear
strains with a dilative response of the liquefied soil close to the foundations, seems to have
been responsible for the development of negative increments of pore pressure near the piles.
In the water-saturated models the soil permeability was so high that water flowed fast from
the free field, dissipating these negative increments. However, in the low permeability
models that simulate a fine sand layer the fluid was not able to flow fast enough from the
free field to dissipate these negative increments, allowing a stiff zone of high effective stress
to develop and expand during shaking, particularly at shallow elevations. The pore pressure
records, pattern of colored sand and visual animations indicate that this nonliquefied zone
had the approximate shape of an inverted cone, wider near the surface and decreasing with
depth.
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In the high permeability models that simulate a coarse sand layer, the liquefied sand moved
around the individual piles, affecting the soil pattern close to the piles themselves. On the
other hand, in the low permeability models (saturated with viscous fluid), the soil flowed
around the whole foundation, affecting the soil pattern up to a considerable distance at both
sides. The comparison of soil deformation patterns at different elevations suggests that the
affected zone around the foundations also had an inverted conical shape. This observation
suggests that as the excess pore pressure was decreasing around the foundation, the soil was
becoming stiffer and the liquefied soil in the free field had to move around it.

The limit equilibrium analyses proved that considering the liquefied soil pressure acting on
the foundations and on the nonliquefied zone was a valid assumption, since the estimated
bending moments and pile displacements were in very good agreement with the measured
ones. The estimated liquefied soil pressures agrees very well with the one obtained by
Abdoun (1997). The larger effective area subjected to the liquefied soil pressure in the
models with lower permeability would explain the larger pile displacements and bending
moments, as well as the lack of rebound of the piles.

This study suggests that the bending moments and lateral displacements for a pile
foundation installed in silty sand in the field could be much higher than those measured in
the same foundation installed in clean sand, due to the lower permeability of the silty sand.

9.1.2 Recommendations

Engineering recommendations based directly on the results and trends observed in the centrifuge

tests are:

Centrifuge modeling of soil-pile interaction is very useful for studying the effects of
liquefaction hazard on deep foundations, as well as to calibrate analytical models.

Soil permeability is an important factor that should be considered when estimating the
design loads acting on pile foundations subjected to lateral spreading.

The author would like to recommend the following future work:

Additional centrifuge testing with drains around the foundation to avoid or mitigate the
development of a nonliquefied stiff zone, hence reducing the displacement and bending
moments of the piles

Conduct comparisons with 1g full-scale prototype tests to find out the viscosity of the pore
fluid that better simulates the pile foundation response to lateral spreading.
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Additional centrifuge testing varying the g-level and pore fluid viscosity to conduct
modeling of models, aimed at clarifying the issue of the correct pore fluid viscosity/time
scaling law.

Additional centrifuge testing to investigate the strain rate effect in the increase of pile
displacement and bending moments, related to the decrease in excess pore pressure close to
the foundations.

Use of micro-mechanical numerical simulations, developed recently at RPI to analyze the
micro-scale pore fluid flow and solid phase deformation of saturated cohesionless soils, to
further investigate the complex soil-fluid interaction around the pile foundations.

Additional centrifuge testing using advance sensors to provide additional information and a
higher resolution picture of the system response, such as high speed cameras, fiber-
optic/MEMS shape-acceleration sensors, and flexible sheets of tactile pressure sensors.

Additional centrifuge testing and analyses to further refine the limit equilibrium used in this
study.

9.2 Pile Pinning Effect on Lateral Spreading

9.2.1 Conclusions

The wvulnerability of highway bridges to earthquake-induced ground failures arising from
liquefaction has been clearly demonstrated by the extensive damage observed in past

earthquakes. Liquefaction induced lateral spreading may be reduced by the restraining forces

provided by pile group foundations. This reduction in lateral displacement in fact reduces the

loads and displacement demands that are imposed on the piles. A series of four centrifuge tests

were conducted at the 150 g-ton RPI centrifuge facility to study the reinforcing or pinning effect

pile groups have on lateral spreading. The most relevant conclusions based mainly on the

summary and discussions presented in chapter 8 are:

This work clearly demonstrates that centrifuge modeling of soil-pile interaction during
liquefaction is both realistic and useful. Consistent results were obtained from all four
centrifuge tests, which provided detailed information about pile foundation response
subjected to lateral spreading with a nonliquefied crust riding on top of the liquefied soil.

No plastic hinges developed in the piles; in fact, the top cemented sand failed first, as
evidenced by the cracks on the ground surface corresponding to the passive failure
developed in front of the pile groups. The colored cemented sand was very helpful to
visualize the passive failure planes. Even though cracks developed on the downslope side of
the pile groups, no apparent active or passive type of failure were observed in the vertical
cuts.
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At the very beginning of the excitation, before the cemented sand had failed around the pile
groups, the lateral stiffness of the pile groups was directly proportional to the number of
piles, with the pile caps playing minimum role. Moreover, the lateral force applied by the
top cemented layer was controlled by the pile group stiffness.

The final passive force against the pile groups was controlled by the residual strength of the
soil without cementation in conjunction with the effective area corresponding to the passive
wedge.

As the pile models used were very rigid compared to the cemented sand, most of the pile
group deformation was caused by rotation at the base of the piles. The 3x1 pile group was
more efficient in the reduction of lateral spreading since the bottom cemented sand around
the line of piles provided a much better confinement than the one around the pile groups
developing a frame effect (3x2 and 6x2 pile groups).

As expected, the largest reduction of lateral spreading was caused by the 6x2 pile group and
the smallest one by the 3x1 pile group. Before the soil had failed, the reduction seems
proportional to the pile group stiffness. However, once the passive failure developed, the
additional reduction seems to be more proportional to the effective area subjected to passive
pressure.

The liquefied soil pressure was negligible compared to the one applied by the top cemented
sand, as clearly evidenced in the back-calculated lateral resistance along the piles.

Except for the 3x1 pile group at the end of shaking, the pile groups were subjected to double
curvature. The maximum bending moments at the lower part were measured close to the
boundary between the liquefied and bottom cemented layer, with this position moving down
as the confinement around the piles was lost. The maximum bending moments at the upper
part were measured within the top cemented layer, with this position moving up as the
passive failure developed.

In the 3x2 and 6x2 pile groups, the measured bending moments were larger in the
downslope piles compared with the upslope piles due to a pseudo p-A effect, which tended
to increase the bending moments in the downslope piles and decrease the moments in the
upslope piles as the pile group displacement increased.

The analytical approach presented in this study proved to be very useful in understanding
the reinforcement effect pile groups have in liquefaction-induced lateral spreading, as well
as to give a good estimation, at least in the centrifuge models considered, of the expected
pile group deformations.
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9.2.2 Recommendations

Engineering recommendations based directly on the results and trends observed in centrifuge
tests are:

e  The reduction in lateral spreading due to the pinning effect should be considered in analyses
when designing pile foundations.

e The separation between piles should be large enough to ensure that the confinement around
the piles does not decrease significantly due to the frame effect.

e If pinning piles are used as remediation technique (passive piles), the capacity of the piles
should be just slightly larger than the capacity of the soil so as to optimize the design.

e  The liquefied soil pressure can be neglected in the analyses when a nonliquefied crust rides
on top of the liquefied soil.

e The end-bearing soil layer should provide enough vertical support for the large axial forces
that can be generated during lateral spreading, so that the frame action can act and
significantly reduce pile bending moments and lateral displacements. The pile-cap
connections should be also carefully design for the large bending moments and axial forces
induced by lateral spreading.

e  The P-A effect should be considered in the analyses, since it may increase considerably the
bending moments in the downslope piles.

The author would like to recommend the following future work:

e Additional centrifuge testing with different pile group configurations to provide a better
understanding of the pile pinning effect, and to check the correlation presented in this work
(Fig. 8.16).

e Additional centrifuge testing with different pile spacing to find out the optimum distance
between piles so the confinement at the base is not affected by the frame effect.

e Additional centrifuge testing with different pile bending stiffnesses to find out the optimum
value so that pile deformation by rotation and curvature is minimized.

e  Further evaluations of the approach presented in section 8.10 in order to propose
engineering recommendations for quantitative evaluation of pile pinning effect in the field.

e Additional centrifuge testing with a different setup so that the Newmark approach can be
directly implemented and analyzed.
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