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ABSTRACT

This report presents the results of full-scale lateral spreading tests in the port of Tokachi on
Hokkaido Island, Japan, to assess the behavior of piles and pipelines subjected to lateral
spreading. This research project was the joint collaboration between the University of California,
San Diego (UCSD), and several Japanese organizations. Controlled blasting was used to liquefy
the soil and subsequently induce lateral spreading in the 4—6% surface slope test beds. Several
instrumentations including pore-pressure transducers, global positioning (GPS) units, and
inclinometers, were installed to measure pore-pressure buildup and movements of the soils, piles,
and pipelines during lateral spreading. The test piles and pipelines were extensively instrumented
with strain gages to measure the distribution of bending moment during lateral spreading; this
allowed the back-calculation of the loading conditions, as well as the assessment of damage and
the performance of the structures. This report presents the back-calculated soil pressure exerted
on the piles during lateral spreading. In addition, the potential of using the p-y analysis method
for single piles and pile groups subjected to lateral spreading was evaluated. Finally, the design

implications are given for piles subjected to lateral spreading.
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EXECUTIVE SUMMARY

Two full-scale experiments using controlled blasting were conducted in the port of Tokachi on
Hokkaido Island, Japan, to assess the behavior of piles and pipelines subjected to lateral
spreading. The test piles and pipelines were extensively instrumented with strain gages to
measure the distribution of bending moment during lateral spreading which allowed the back-
calculation of the loading conditions, as well as the assessment of damage and performance of
the structures. Based on the test results, it was concluded that using controlled blasting
successfully liquefied the soil and subsequently induced lateral spreading in the 4-6% surface
slope test beds. The free-field soil displacements at the location of the test piles were over 40 cm
for both tests. When compared with the results from the single pile case, the effect of pile-head
restraint from the pile cap improved overall pile performance by decreasing the displacement of
the pile groups and by lowering the maximum moments in individual piles within each group.
Finally, back-calculated soil reactions indicated that the liquefied soil layer imparted
insignificant force to the piles.

The potential of using the p-y analysis method for single piles and pile groups subjected
to lateral spreading was evaluated. The computed responses were compared with the results from
the full-scale lateral spreading tests. The responses of the single piles subjected to lateral
spreading were determined by imposing the known free-field soil movement profile to the
Winkler spring model. The soil springs of nonliquefied soils used in this study were based upon
standard p-y springs, while zero spring stiffness was used for liquefied soils. For the case of pile
groups, they were modeled as an equivalent single pile with a rotational spring at the pile head to
simulate the effect of pile-head restraint. A decrease of soil spring stiffnesses using the p-
multiplier approach was used to account for pile group effects. Based on the results of analyses,
the computed responses of all sets of the test piles using a single set of baseline soil properties
were in good agreement with the measured responses. These results suggest that the p-y analysis

method may be used to estimate the behavior of piles subjected to lateral spreading.
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1 Background

1.1 INTRODUCTION

In past earthquakes, liquefaction-induced lateral spreading has caused considerable damage to deep
foundations, which in turn has resulted in damage to the superstructures, including port facilities,
buildings, and bridges. Examples of damage to deep foundations due to lateral spreading include the
foundation piles of the Yachiyo and Showa bridges and the NFCH building during the 1964 Niigata,
Japan, earthquake (Hamada 1992); the railway bridge foundations during the 1991 Limon, Peru,
earthquake (Youd et al. 1992); and the batter piles supporting the 7th Street Terminal Wharf in the
1989 Loma Prieta, California, earthquake (Benuzka 1990). In addition to pile foundations, lateral
spreading has also caused damage to numerous gas pipelines resulting in a large destructive fire in
the 1906 San Francisco earthquake; and significant damage in that area in the Loma Prieta
earthquake. Based on these past examples, it is essential to gain better understanding of the behavior
of piles and pipelines during lateral spreading in order to improve current design methods for these
structures and prevent catastrophic failure during future earthquakes. Most liquefaction and lateral
spreading research to date for deep foundations has focused on small-scale centrifuge studies (e.g.,
Abdoun et al. 1996; Ramos et al. 2000; Wilson et al. 2000; Dobry and Abdoun 2001), limited area
1g shake table tests (e.g., Tokida et al. 1993; Hamada 2000; Meneses et al. 2002), or case histories
(e.g., Hamada and O’Rourke 1992; O’Rourke 1996). Alternatively, some full-scale testing has been
carried out to study behavior of deep foundations in sand liquefied by controlled blasting (e.g.,
Ashford et al. 2000; Ashford and Rollins 2002), but these tests were conducted on level ground and
did not account for kinematic loading from laterally spreading soil.

In light of this, several full-scale instrumented piles and pipelines were subjected to blast-
induced lateral spreading in experiments carried out in November and December 2001 in the port of

Tokachi on Hokkaido Island, Japan, as shown in Figures 1.1-1.2. The objectives of the study were



to conduct damage and performance assessments of the piles and pipelines, as well as to evaluate
loading conditions on the structures due to the kinematic loading from laterally spreading soils. The
test results will be a valuable source of data for further development of the state of practice of
seismic design of deep foundations, as well as pipelines against liquefaction-induced lateral

spreading.

Hokkaido
Island,
Japan

Port of Tokachi

Scale (km)
s = |

0 100 200 300

Fig. 1.1 Location map of Tokachi port, Hokkaido Island, Japan

Fig. 1.2 Aerial view of Tokachi port



This research project was the joint collaboration between the University of California, San
Diego, (UCSD) and several Japanese organizations as summarized in Table 1.1. The overall
research effort was lead by the Port and Airport Research Institute (PARI), with a primary objective
of assessing the performance of two different quay walls subjected to lateral spreading as shown in
Figure 1.3. One quay wall was of traditional design, and new seismic design criteria were applied to
the other. Since the test area was so large, it enabled researchers to include additional experiments
in the zone of liquefaction and lateral spreading without interfering with the primary objective of the
quay wall test. Through the PEER Lifelines Program, with support from the California Department
of Transportation (Caltrans), Pacific Gas & Electric, and the California Energy Commission, UCSD
and Waseda University (WU) collaborated with other Japanese researchers to install test piles and
pipelines in the zone of the traditional design quay wall where lateral spreading was expected.
Examples of key experiments conducted by other researchers are an experiment by WU on the
behavior of rigid piles; study by the National Institute for Land Infrastructure Management of
impervious sheet behaviors during lateral spreading; a study by the University of California,
Berkeley (UCB), of the influence of improvement depth on the degree of settlement induced by
liquefaction; and an uplift experiment by the Japanese Geotechnical Society on structures buried due
to soil liquefaction.

In summary, UCSD installed three instrumented pile foundation systems and three
instrumented pipelines as shown in Figure 1.3. The pile foundation consisted of a single pile, a 4-pile
group, and a 9-pile group. The pipelines consisted of two natural gas pipelines and one electrical
conduit. One of the natural gas pipelines and electrical conduit were installed perpendicular to the
direction of flow. The other gas pipeline was installed parallel to the direction of flow. Prior to the
full-scale lateral spreading tests, two pilot tests were conducted in order to determine the
specifications of the explosives such as blast hole configuration, charge size, charge depths, and time

delay in blasting, etc. The details of each experiment are described in the subsequent chapters.



Table 1.1 Participants in the Japan lateral spreading test

Universities /Institutes

Industrial Participants

Port and Airport Research Institute (PARI)
Civil Engineering Research Institute
Waseda University

University of Tokyo

University of California, Berkeley
University of California, San Diego

PEER

Japanese Geotechnical Society (JGS)
Chuo University

National Institute for Land and Infrastructure
Management

National Institute of Advanced Industrial

Science and Technology

Japan Reclamation & Dredging Association
Japan Association for Steel Piles

Japan Association for Marine Structures
Japan Gas Association

Tokyo Electric Power Company

Kanden Kogyo

Sato Kogyo

Caltrans

Pacific Gas & Electric

California Energy Commission

Cement Deep Mixing Association

Permeable Grouting Method Association
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E¥fect of Improvement Depth
of Settlement Experiment (UCE)

Buned Structure Uplit Experiment
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YWaterproof Sheet Experiment
(Mational Institute for Land and
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Quay Wall Experiment (PART)

Fig. 1.3 Layout of overall test site



1.2

OBJECTIVES

Specifically, the objectives of this research study can be summarized as follows:

Conduct damage and performance assessments of a single pile, a 4-pile group, and a 9-pile
group subjected to lateral spreading.

Conduct damage and performance assessments of natural gas pipelines as well as an
electrical conduit subjected to lateral spreading.

From instrumentation in the piles and pipelines, evaluate loading conditions on the structures
during lateral spreading.

Utilize simple numerical models (i.e., push-over analysis using the p-y method) to analyze
the behavior of single piles and pile groups subjected to lateral spreading.

Utilize developing numeral platforms within PEER (OpenSees) to gain better understanding

on the behavior of piles and pipelines subjected to lateral spreading (ongoing research).



2 Soil Characterization

The test site is composed of man-made fill, placed approximately two years before conducting the
experiments. It was built as a part of an expansion of the Tokachi port capacity by hydraulically
placing fill without any ground improvement; as a result, the soil was very loose and highly
susceptible to liquefaction. The details of soil conditions and the results from several in-situ tests are

described in this chapter.

2.1 SUBSURFACE INVESTIGATION

A total of four tests were conducted at the test site, including two pilot tests and two full-scale lateral
spreading tests, as shown in Figure 2.1. During the planning stage, three boreholes (i.e., No. 1, No. 2,
and No. 3) were drilled to initially characterize the soil condition and decide whether or not the site
was appropriate for lateral spreading experiments. A summary of soil properties of individual
boreholes is presented in Appendix A. In addition to the soil boring investigation, a large number of
Swedish weight sounding tests were carried out in several areas throughout the site. Locations of
Swedish weight sounding tests are shown in Figure 2.2. The results of individual Swedish weight
sounding tests are given in Appendix B.

Based on the preliminary boring logs and results from Swedish weight sounding tests, it was
found that the first 6-7 m was hydraulic fill consisting of very loose silty sand with the SPT N-
values of less than 10. In addition, a Japanese criterion for liquefaction evaluation based on grain-
size distribution (PHRI 1997) indicated that most of the soil was susceptible to liquefaction. As a

result, the site was chosen for full-scale lateral spreading experiments.
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After the preliminary soil investigation, an additional subsurface soil exploration program
was carried out in several areas throughout the site to obtain soil information in more details. Seven
additional soil boreholes were drilled as shown in Figure 2.2. Individual boring logs and a summary
of soil properties are given in Appendix A. Other field in-situ testing included cone penetration tests
and down-hole shear wave velocity tests.

Figure 2.3 shows a typical soil profile in the vicinity of the UCSD test area, together with in-
situ test results. Generally, the soil profile consisted of 7.5 m of hydraulic fill, underlain by 1-m of
medium dense sand overlying a very dense gravel layer. The groundwater table was approximately 1
m below the ground surface. The hydraulic fill consisted of a 4-m layer of very loose to loose silty
sand (SM) underlain by a 3.5-m layer of very soft lean to fat clay with sand (CL to CH). The SPT N-
values (Fig. 2.3b) for cohesionless soils presented herein were corrected for field procedures and
overburden pressure using the method proposed by Seed and Harder (1990). Only field procedures
were used to correct the SPT N-values for the clay layer. Shear wave velocities of less than 100 m/s
(Fig. 2.3e) indicate that the soil strength of the hydraulic fill layer was very low.

The SPT, CPT, and SWS results were used to estimate soil properties. The SWS results for
the cohesionless soils were converted to SPT N-values using a correlation proposed by JIS A 1221-
199 (Japanese Geotechnical Society 1995). The relative density of cohesionless soils (Fig. 2.3f) was
estimated using correlations proposed by Peck et al. (1974) for the SPT N-values, and Kulhawy and
Mayne (1990) for the CPT results. The soil friction angle (Fig. 2.3g) was then estimated from the
relative density using the Peck et al. (1974) correlation. The undrained shear strength of the clay
layer (Fig. 2.3h) was estimated using correlations proposed by Lunne and Kleven (1982) for the CPT
results, NAVFAC (1982) for the SPT N-values, and Bergdahl et al. (1988) for the SWS results. The
undrained shear strength of the clay layer based on unconfined compression tests was also plotted in
Figure 2.3h for comparison. A review of Figure 2.3 shows that the friction angles obtained from
different in-situ tests were in reasonable agreement. The undrained shear strength of the clay layer

averaged 15 kN/m’.
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2.2  LIQUEFACTION SUSCEPTIBILITY EVALUATION

Two different criteria, a U.S. criterion (Seed and Idriss 1971) and a Japanese criterion (PHRI 1997),
were used to evaluate the liquefaction susceptibility of the soils at the test site. Using the U.S.
criterion, the first and second sand layers below the groundwater table (Fig. 2.3) are susceptible to
liquefaction, while the middle clay layer (i.e., fines content greater than 50%) is not liquefiable.
Typical grain-size distribution curves of the soils plotted with the Japanese standard curves for
liquefaction potential evaluation are shown in Figure 2.4. Grain-size distribution curves of other
boreholes are summarized in Appendix C. Generally, the fines content gradually increases with
depth. The results indicate that the soils in the first and second sand layers are highly susceptible to
liquefaction. Most parts of the grain-size distribution curves of the clay layer, between 4m and 7m
deep, are within the “susceptible to liquefaction” zone. As a result, this layer may be liquefiable
according to the Japanese criterion. However, the results of pile bending moments in Chapter 4
indicate that the clay layer was not liquefiable. Only the sand layer experienced strength loss due to
soil liquefaction, while the clay layer imparted driving force to the piles. As a result, in this study the

U.S. criterion appears to be more appropriate for liquefaction susceptibility evaluation.
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Fig. 2.4 Typical grain-size distribution of soil at test site
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3 Pilot Tests

Controlled blasting has been a successful method of inducing liquefaction as reported by several
researchers (e.g., Ashford et al. 2000; Charlie et al. 1992; Gohl et al. 2001; Narin van Court and
Mitchell 1994; Rollins et al. 2004). This technique was used to liquefy the soil for the experiments,
and thus induce lateral spreading. Before performing the full-scale lateral spreading experiments,
two pilot tests were carried out to determine blasting specifications to be used in the actual full-scale
tests, including optimum charge weights, locations of charges, and time delay in blasting. This was
to ensure that the soil can be successfully liquefied and the amount of global translation of the soil
satisfied the requirement. The locations of each pilot test are presented in Figure 2.1. The explosives
used in the tests were ULTEX (Fig. 3.1), a water gel-type emulsion explosive (Nagao et al. 2003).
The characteristics of ULTEX are summarized in Table 3.1. The detonator used in this study was a
low-energy nonelectric signal conductor. More detail regarding the explosives can be obtained

elsewhere in Nagao et al. 2003.

Fig. 3.1 ULTEX explosive



Table 3.1 Summary of ULTEX characteristics (after Nagao ef al. 2003)

Unit Weight Detonation Velocity Ballistic Water
(gram/cc) (m/sec) Pendulum (mm) Resistance
1.15~1.23 5,800~6,000 78~84 Very good

3.1 FIRST PILOT TEST

The layout of the first pilot test is presented in Figure 3.2. The first pilot test was carried out in June
2001, which consisted of two different kinds of experiments; the first one, as shown on the left, was
single borehole tests (SBT) and the other one, as shown on the right, was an embankment test (ET).
The SBT was aimed at deciding blasting sequence, optimum explosive weight, and depth of

explosive. The ET was to determine the amount of lateral spreading caused by blast-induced

liquefaction.

=18m

3@em

Fem

Fig. 3.2 Layout of first pilot test
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3.1.1 Single Borehole Tests

3.1.1.1 Test Setup

For the SBT, boreholes were spaced at 10 m intervals as shown in Figure 3.3. A photograph of the
SBT site is shown in Figure 3.4. The effects of explosive weight, depth of explosive, and order of
blasting on excess pore-water pressure response were studied in order to assist the researchers in
deciding the blasting specification in the full-scale lateral spreading tests. For S1 and S2, the
explosives were installed at 5 m depth, while for S3 and S4 they were installed at depths of 5 m and
10 m below the ground surface. The weight of explosives for each borehole was 2-3 kgf as

summarized in Table 3.2.

“ L PWP2

Legend
@0 Explosives

& \Water
Pressure
Transducer

10m

@ Target

Fig. 3.3 Layout of single borehole tests
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Fig. 3.4 Photograph showing borehole locations for single borehole tests

Table 3.2 Specification of explosives used for single borehole tests

Borehole Depth below Ground Charge Weight (kgf)
Surface (m)
S1 5 2
S2 5 3
5 3
S3, S4 10 3

3.1.1.2 Blasting Sequence

The sequence of the tests was S1, S2, S3, and S4, respectively; i.e., the following single borehole test
was carried out after the excess pore-water pressure induced by the previous test adequately
dissipated. For the S3 test, the sequence of blasting began from the lower depth to the upper depth,
while for the S4 test the blasting sequence began from the upper depth to the lower depth as shown

in Figure 3.5. The time interval between the blasts of the upper and lower explosives was 0.3 sec.

16
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Fig. 3.5 Blasting sequence for single borehole tests

3.1.1.3 Test Results

A comparison of results from S1 and S2 tests shows that increasing the explosive weight resulted in
higher excess pore-water pressure ratio, R,. In addition, the excess pore-water pressure decreased
with increasing the distance from the blast hole. The R, depended not only on explosive weight and
distance from explosive but also sequence of blasting. Nagao et al. (2003) found that blasting from
the bottom to the top was more effective than from the top to the bottom.

Based on the excess pore-pressure data from a series of single borehole tests, a relationship
between excess pore-pressure ratio and scale distance was developed as shown in Figure 3.6. Scale
distance, R,,, is defined as R,, =R/ W (1/3), where R is a distance from boreholes in meter and W is
amount of explosive in kgf. Scale distance represents the average energy per unit area. It was found

that the relationship can be defined as
R, =8.284R,*" (3.1

Nagao et al. (2003) used the relationship shown in Equation (3.1) to determine the amount of
explosive charge and the pattern to be used in future full-scale testing. It was found that using 3 kg
explosives at 2 depths with 6 m blast hole spacing, corresponding to R,, of 1.47 (R =4.24 m, W =3
kgf * 2 depths * 4 boreholes = 24 kgf), would yield the excess pore-water pressure of greater than
1.0 at the center of the blasting area, indicating sufficient blasting energy to liquefy the soil. Figure

17



3.7 shows settlement contours due to the dissipation of excess pore pressure 11 days after the
blasting.

Legends
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Fig. 3.6 Relationship between excess pore-pressure ratio and scale distance (after Nagao et al.
2003)

Figure 3.7 Contour of settlement in mm 11 days after single borehole tests (after Nagao et al.
2003)
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3.1.2 Embankment Test (ET)

3.1.2.1 Test Setup

Layout of the embankment test and a photograph of the test site are shown in Figures 3.8-3.9,
respectively. The embankment for this test was 28 m in length, 20 m in width, and 1 m in height.
The slope of the embankment was approximately 4%. Lightweight sheet piles with 2 m in length
were driven into the ground to represent a quay wall. The waterway was excavated about 2 m deep
in front of the quay wall. The water table was about GL-0.5 m.

Eight blast holes were spaced at 6.0 m on center in the square grid pattern as shown in Figure

3.8. Charges were installed at depths of 5 m and 10 m below the ground surface. The weight of

explosive was 3 kgf at each depth.
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Fig. 3.8 Layout of embankment test
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Fig. 3.9 Photograph of embankment test

3.1.2.2 Blasting Sequence

The sequence of blasting is illustrated in Figure 3.10. The blasting first began at the lower layer
from borehole D1 and continued subsequently to borehole D7. After that, the upper layer with the

same order as the lower layer was detonated.

Fig. 3.10 Sequence of blasting for embankment test (ET)
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3.1.2.3 Test Results

Horizontal ground displacement vectors, together with settlement contour at 10 days after blasting
are shown in Figure 3.11. The maximum settlement reached 18 cm at the center of the embankment,
and the maximum horizontal displacement was 16 cm at the quay wall. These horizontal
displacements appeared to be not adequate for the purpose of future full-scale lateral spreading tests.
As a result, the second pilot test was carried out in an attempt to increase the amount of lateral

spreading. Details of the second pilot test are described in the following section.

Geo.scale

or- O
w
=
o

Displacement

Fig. 3.11 Horizontal displacement vectors and contour of settlements (after Nagao et al. 2003)

3.2 SECOND PILOT TEST

The second pilot test was carried out on September 14, 2002. The main objective of this test was to
ensure that adequate lateral spreading caused by blast-induced liquefaction could be obtained. This
was done by increasing the length of the embankment, making the slope of embankment steeper, and

modifying the blasting sequence.

21



3.2.1 Test Setup

Layout of the second pilot test is presented in Figure 3.12. Photographs of the test site are shown in
Figures 3.13-3.14. The length of the embankment was increased from 24 m in the first pilot test to
30 m in the second pilot test. The embankment in the second test was steeper, with 7% slope. Blast
holes were spaced at 6.0 m on center in the regular grid pattern as similar to the first pilot test.
However, the number of blast holes was increased from 8 holes to 10 holes as denoted by M1 to
M10. Explosives were installed in each borehole at depths of 3m and 6m below the ground surface.
The amount of charge was 3 kg at each depth. Several pore-pressure transducers were installed in
various locations as denoted by PWP1 to PWP6 to measure an increase in pore-water pressure

during the test.

PWPS, &
»

[
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i -
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1 3'_“ & Water
| et
2'—“ @ Target

Fig. 3.12 Layout of second pilot test

22



Fig. 3.13 Photograph showing front view of second pilot test

Fig. 3.14 Photograph showing side view of second pilot test

3.2.2 Blasting Sequence

The sequence of the blasting in the second pilot test was different from that of the first pilot test; i.e.,
for ET, all of the lower explosives were detonated first, followed by the upper explosives, while for
the second pilot test the upper explosive of the same borehole was detonated just after the lower
explosive as shown in Figure 3.15. The explosive at the back corner of the embankment (M9) was

initially detonated and continued one after the other toward the waterway (M2).
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Fig. 3.15 Blasting sequence of second pilot test

3.2.3 Test Results

Figure 3.16 shows excess pore-pressure responses at multiple depths measured during the test,
together with their effective vertical stresses. The excess pore-pressure ratios after the blast were
generally over 60% in several locations. Two of them were close to 100%. Sand boils as shown in
Figure 3.17 were observed in several places, which confirmed that the soil was successfully
liquefied.

Figure 3.18 shows the vector displacements and contour of settlement after the completion of
the test. The results indicate that the maximum surface soil movement was about 70 cm at the sheet
pile wall. Figure 3.19 shows a photograph of the movement of sheet pile after the test. The
magnitude of these horizontal movements, as well as direct evidence of liquefaction in the second
pilot test indicate that the blasting specification used in the second pilot test met the researcher’s
requirement, and therefore was appropriate to use in the future full-scale lateral spreading
experiments to cause sufficient liquefaction and lateral spreading. The success of the second pilot
test led the research teams to advance to the full-scale lateral spreading experiments as described in

the following chapters.
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Fig. 3.17 Sand boils observed following second pilot test
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Fig. 3.19 Lateral movement of sheet pile wall after the test
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4 First Full-Scale Lateral Spreading Test

With the success in the second pilot lateral spreading test, the construction of the actual test site for
the first full-scale lateral spreading experiment was then launched in late August 2001 and
completed early November 2001. Details of the test site and description of test piles and pipelines
are provided in this chapter. This is followed by the detailed instrumentation and installation
procedure. The locations of blast holes, the amount of charges, and the sequence of blasting are also

described. Finally, the test results are presented and discussed.

4.1 SITE LAYOUT

A layout of the first full-scale lateral spreading experiment is shown in Figure 4.1. As mentioned
earlier in Chapter 1, the UCSD experiment was located in the area of a traditional design quay wall
where large lateral ground movement was expected. The UCSD test site was surrounded by sheet
piles. The water elevation in front of the sheet pile quay wall was approximately +2.00 m, the same
elevation as the groundwater table. The quay wall was anchored by a series of tie rods which were
fixed to H-piles to reduce movement of the quay wall. The ground surface was at elevation +3.00 m
at the quay wall and began to slope upward at 4%, 25.2 m away from the quay wall. Figure 4.2

shows a 3D view of the test site. An aerial photograph of the test site is shown in Figure 4.3.
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Fig. 4.2 3D View of first full-scale lateral spreading experiment (PARI 2002)
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Fig. 4.3 Aerial photo of first full-scale lateral spreading experiment (PARI 2002)
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4.2  PILE DESCRIPTION

The UCSD test piles consisted of a single pile, a 4-pile group, and a 9-pile group as shown in
Figure 4.4. The pile outside diameters were 318 mm with a wall thickness of 10.5 mm, a
nominal length of 11.5 m, and a yield strength of 400 MPa. Steel channels (C 75 mm x 6.92
kg/m) with a yield strength of 400 MPa were welded to the steel pipe piles to protect the strain
gages from damage during pile driving. Figures 4.5-4.6 show the pile cross section and its
moment-curvature relationship, respectively. Three similar free-head single piles were also
installed in the area by Waseda University (WU) as shown in Figure 4.4. The cross sections and
properties of the WU piles were the same as those of the UCSD piles, but the pile lengths were

shorter.
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Fig. 4.4 Layout of test piles
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of test pile

A total of 9 UCSD test piles were extensively instrumented with electrical strain gages
(Fig. 4.4): the single pile, two of the 4-pile group, and six of the 9-pile group. The gages were
located at 0.6 m intervals on both upstream (front) and downstream (back) sides of the piles (Fig.
4.7) to obtain the strains from which the bending moments along the lengths of the piles could be
computed. In addition, two rosette strain gages were attached to each pile to measure the shear
force developed in each pile in the pile group during lateral spreading. One was attached at a
depth of 1.9 m below the original pile head and the other one was attached just below the pile
cap. A series of tiltmeters at various depths were also installed on one of the piles of each
foundation system to use as back-up data for strain gages.

A diesel hammer with a mass of 4,000 kg (Fig. 4.8) was used to install the piles. The
piles were pushed into the ground for the first 7.5 m by the self weight of the hammer, indicating
the low soil strength. The driving started below this layer with drop heights varying between 20
cm and 60 cm. The UCSD piles were planned to be driven full length into the ground,
corresponding to about 3.0-3.5-m penetration into the dense soils to obtain a degree of fixity at
the pile tips. Unfortunately, some of the piles could not be driven to the desired depth due to the
presence of the cobbles at the final depth (Fig. 4.9). As a result, the pile lengths in the group

varied between 10.2—-11.5 m. A summary of pile lengths in the groups is given in Table 4.1.
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Table 4.1 Summary of final pile length

. 1 2 3 4 5 6 7 8 9 W1 W2 W3 N1-N6
Pile No.
Final Pile 1.1 104 111 102 112 111 111 111 112 86 87 86 11.5
Length (m)
=
Dk
I“-_ - -
(=]
1 | Shear
I Strain Gauge(Depth varied)
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Fig. 4.7 Instrumentation of steel pipe piles
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Fig. 4.8 Pile driving using diesel hammer

Fig. 4.9 Pile length left over after pile installation: (a) 4-pile group (left), (b) 9-pile

group (right)
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In the pile groups, the piles were spaced at 3.5 pile diameters, center-to-center,
corresponding to 1.11 m. The pile heads were fixed against rotation by reinforced concrete pile
caps based on typical Caltrans design practice. Steel V-shape anchor bars were used to connect
the pile heads to the concrete pile cap. Figures 4.10—4.11 show pile-cap details of the 4-pile
group and the 9-pile group, respectively. Figure 4.12 shows the construction sequence for the
pile cap of the 9-pile group. A summary of concrete strength for the pile caps at 7 and 28 days,

respectively, is given in Table 4.2.
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Fig. 4.10 Pile-cap details of 4-pile group
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Table 4.2 Summary of concrete strength of pile caps
Date of | Date of | Concrete | Truck | Slump | Air | Sample .’ £ ave
Casting Test Age No. (cm) | (%) No. (MPa) | (MPa)
(Days)
1 29.3
1 7.0 4.3 2 29.4 29.5
3 29.8
1 29.5
10/15/02 | 10/22/02 7 2 8.0 4.6 2 29.7 29.5
3 29.7
1 28.6
3 7.0 4.4 2 28.9 29.0
3 29.4
1 36.7
1 7.0 4.3 2 36.8 36.7
3 36.6
1 35.9
10/15/02 | 11/12/02 28 2 8.0 4.6 2 35.5 359
3 36.2
1 36.1
3 7.0 4.4 2 36.7 36.2
3 35.7
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7. Construction of formworks 8. Pile cap after concrete work

Fig. 4.12 Pile-cap construction for 9-pile group
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4.3  PIPELINE DESCRIPTION

In addition to the test piles, two transverse pipelines (i.e., natural gas pipeline (pipeline type A)
and electrical conduit (pipeline type B)) and one longitudinal natural gas pipeline (pipeline type
C) were installed as shown in Figure 4.1. The objective of the test for transverse pipelines was to
assess the pipeline performance subjected to bending moment from global translation of the soil,
while the test for the longitudinal pipeline was to evaluate the pipeline performance subjected to
axial frictional forces imposed by the soil moving relative to the pipeline. The gas pipeline
consisted of a 500-mm diameter pipe with a wall thickness of 6 mm and a yield strength of 400
MPa. The electrical conduit consisted of a 268 mm diameter with a wall thickness of 6 mm, and
a yield strength of 400 MPa. The transverse gas pipeline and electrical conduit were both
approximately 25 m long and located at 30 m and 32.2 m away from the quay wall, respectively.
The bottoms of both pipelines were installed at an elevation of +1.75 m. The longitudinal gas
pipeline was 22 m long and installed 1m below the ground surface, parallel to the direction of the
flow. All of them were instrumented with electrical strain gages and tiltmeters along the lengths,
as shown in Figure 4.13.

The construction sequence of the transverse pipelines is shown in Figure 4.14. The
pipeline segments were first welded together at the test site. The transverse pipelines were
installed by excavating the ground and setting them on a compacted sand layer with a thickness
of 20 cm. Then, both ends were anchored to the sheet pile wall using high-strength bolts. This
type of connection allowed some rotation at each end. Subsequently, the sand was backfilled in
multiple compacted layers (Fig. 4.15) in accordance with Japanese Gas Association
specifications. The specification requires that a compacted dry unit weight shall be 90% of the

maximum dry unit weight obtained from the standard Proctor test ASTM D-698 (ASTM 1998).
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1. Welding of pipeline segments together

5. Compaction of base layer 6. Installation of pipelne A

7. Installation of pipeline B 8. Peline A and B in place
Fig. 4.14 Construction procedure of transverse pipelines
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9. Connection of pipeline to sheet pile wall 10. Compaction of first layer

II
i £ J

15. Sand placement for fifth layer 6. Completion of pipeline installation

Fig. 4.14 (continued) Construction procedure of transverse pipelines
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Fig. 4.15 Cross sections of multiple compacted layers for (a) pipelines A and B and
(b) pipeline C

The longitudinal gas pipeline was installed in the same way as the transverse pipelines,
but only one end was connected to the sheet pile wall. Figure 4.16 shows the construction
sequence of the longitudinal pipeline. The field density test results of each layer, as presented in
Tables 4.3—4.4, indicate that the density of compacted soil for both transverse and longitudinal

pipeline areas met the specification with the relative compaction (R) of more than 90%.
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Fig. 4.16 Construction procedure of longitudinal pipeline
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Table 4.3 Summary of field density test results for transverse pipelines

Location | Layer | Sample Total Water Dry Relative Average
No. No. Density | Content | Density | Compaction, Relative
(kN/m’) (%) (kN/m’) R (%) Compaction
(%)
1 17.27 25.0 13.81 94.0
Base 2 17.75 249 14.21 96.7 96.1
3 17.74 23.8 14.33 97.5
1 16.87 17.8 14.31 97.4
1 2 16.22 15.5 14.05 95.6 96.3
3 16.72 18.7 14.08 95.8
1 16.35 17.6 13.90 94.6
2 2 17.37 19.4 14.55 99.0 96.1
Pipeline 3 15.89 14.2 13.91 94.6
A and B 1 15.92 15.6 13.77 93.7
3 2 15.56 12.5 13.84 94.2 94.1
3 15.82 13.9 13.89 94.6
1 16.12 133 14.23 96.8
4 2 15.43 133 13.62 92.7 95.2
3 16.13 14.3 14.11 96.0
1 15.82 15.0 13.76 93.7
5 2 16.62 16.0 14.33 97.5 95.6
3 15.98 13.8 14.05 95.6

Note: R(%) =

Va( field)

Y d(max—iapy = Maximum dry density measured in laboratory by standard Proctor test

agian 009,

yd (max—lab)

= Field dry density
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Table 4.4 Summary of field density test results for longitudinal pipeline

Location | Layer | Sample Total Water Dry Relative Average
No. No. Density | Content | Density | Compaction, Relative
(kN/m?) (%) (kN/m®) R (%) Compaction
(%)
1 16.01 14.7 13.96 95.0
Base 2 16.57 16.0 14.28 97.2 96.1
3 16.17 14.7 14.10 96.0
1 16.34 14.4 14.28 97.2
1 2 16.86 14.6 14.72 100.0 97.2
3 16.28 17.4 13.86 94.3
1 16.27 13.8 14.30 97.3
2 2 15.90 14.7 13.86 94.3 97.2
Pipeline 3 16.76 14.1 14.69 100.0
C 1 16.33 14.4 14.28 97.2
3 2 15.80 12.6 14.03 95.5 95.9
3 15.83 13.2 13.98 95.1
1 15.55 12.7 13.80 93.9
4 2 15.09 12.9 13.36 90.9 92.2
3 15.35 14.0 13.47 91.7
1 16.00 14.4 13.99 95.2
5 2 16.00 14.8 13.94 94.9 95.8
3 16.14 12.8 14.30 97.3

Note: R(%) = Jawan 1009

yd (max—lab)

Y a( field)

Y d(max—iapy = Maximum dry density measured in laboratory by standard Proctor test

= Field dry density
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4.4  INSTRUMENTATION

In addition to strain gages, other instrumentation was also installed to capture the behavior of soil
and test lifelines. These included pore-pressure transducers, string-activated linear
potentiometers, accelerometers, soil pressure cells, tiltmeters, slope inclinometer casings, and
Global Positioning System (GPS) units. A layout of the instrumentation for the first full-scale
test is shown in Figure 4.17. Figures 4.18-4.19 show a zoomed-in version of Figure 4.17 in the
areas of test piles and pipelines, respectively.

A total of 24 pore-pressure transducers were installed at several locations throughout the
test site to measure the excess pore-water pressure buildup and to evaluate the degree of soil
liquefaction. The transducers were installed near the test piles, the pipelines, and in the
embankment area, as shown in Figure 4.17. Three accelerometers were installed on the top of
the pile caps and single pile to measure horizontal acceleration responses during the test. The
direction of accelerometers was parallel to the flow direction. Tiltmeters were also installed
adjacent to those accelerometer locations to measure pile-head rotations at the end of the test.
Furthermore, inclinometer casings were installed to measure soil displacement profiles. The
measurements were made by lowering an inclinometer probe into the casing to measure the
rotations along the casing before and after the test. Assuming that the rotation and displacement
at the tips were zero, the soil displacement profile can then be determined. GPS units were
installed in several locations to measure the movements in both horizontal and vertical directions
during the test. The string-activated linear potentiometers were installed to measure the relative
displacement between two points of interest and were also used for verification of the
displacements obtained by GPS units.

For the 4-pile group and the 9-pile group, soil pressure cells were installed at the front
and back sides of the pile-cap surfaces to measure the pressure distribution of the soil acting on
both upstream and downstream sides. A total of 8 cells were used for this test. It was anticipated
that the magnitude of resultant forces acting on both pile caps can be evaluated based on the data

from the soil pressure cells. The locations of soil pressure cells are presented in Figure 4.20.
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Fig. 4.17 Instrumentation layout for first full-scale lateral spreading test
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4.5 BLASTING SEQUENCE

The explosive charges used in the test were the same as those used in the pilot tests. Blast holes
were spaced at 6.0 m on center in the regular grid pattern, similar to the second pilot test, as
shown in Figure 4.1. Charges were installed at depths of 3.5 m and 7.5 m below the design
ground surface (El. +3.00). The mass of charges varied from 2 kg near the test piles to 3—5 kg at
other areas. The charge was reduced near the test piles in order to prevent damage to the large
number of instruments installed in the vicinity.

The sequence of the primary blasting, as shown in Figure 4.21, started from the
southwest corner of the embankment (B1) and proceeded to the next hole of the same row (B1—
B4), and continued successively to the next rows toward the quay wall. The blasting interval
between two adjacent blast holes was approximately 0.75 seconds, with the elapsed time of
approximately 35 seconds. It should be noted that the blasting of primary sequences for the
traditional quay wall and the new seismic design quay wall tests were essentially the same, and
occurred nearly simultaneously. However, the elapsed time of the new seismic design quay wall

test was about 5 seconds longer because it had more blast holes.
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Fig. 4.21 Blasting sequence for first full-scale lateral spreading test
Immediately following the primary blasting, the secondary blast holes located around the

perimeter of the test site (from C1 to C14) were detonated with the time interval between each

blast hole of 1 second. The purpose of these explosives was to liquefy the soil in the vicinity of
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the sheet pile to minimize boundary effects. Approximately 20 seconds after the completion of
the secondary blasting, additional explosives were detonated to break the tie rods of the quay
wall, which allowed additional movement of the soil within the test area. From first to last

detonation, the elapsed time was 86 seconds.

4.6 DATA-ACQUISITION SYSTEM

A total of over 400 channels were connected to high-speed data-acquisition systems to collect
and process the data during the test. The number of channels required for this test was more than
the capacity of the UCSD data-acquisition system, therefore an additional data-acquisition
system was rented from Tokyo Soil Research Company to satisfy the requirement. The UCSD
system was the SCXI system manufactured by National Instruments. It consisted of SCXI-1001
chassis, SCXI-1120, SCXI-1520, and SCXI-1121 modules, together with SCXI-1320, SCXI-
1321, and SCXI-1314 front-mounting terminal blocks. The UCSD system had the capacity to
support up to 320 channels comprising 280 channels of strain gages and 40 channels of other
instruments (i.e., accelerometers, linear potentiometers, and tiltmeters). The Japanese system
was manufactured by Kyowa and consisted of 150 strain gage channels. Both systems started
recording the data at the same time, approximately three minutes before the blasting. The data
were synchronized with other test participants using the five-volt signal. The data were acquired
at a sampling rate of 100 Hz for about 3 minutes following the blasting to capture all the
important information during the test. The scan rate was then changed to 10 Hz for the next 2
hours, and 0.1 Hz for the next 24 hours to measure a decrease in excess pore-water pressure over

a long period of time.

4.7 TEST RESULTS

4.7.1 Excess Pore Pressure

Sand boils forming at the ground surface as shown in Figure 4.22 provided direct evidence that
the ground had indeed liquefied as a result of the blasting. However, the array of pore-pressure

transducers was used to provide the quantitative record of the blast effect on the pore-water.
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Fig. 4.22 Sand boils observed at the ground surface: (a) near test pile area and (b) near

embankment area

A typical example of the observed excess pore-pressure time histories at various depths
with their initial effective stresses is presented in Figure 4.23. These transducers were located
upslope of the 9-pile group at depths of 2 m, 4 m, and 6 m (Fig. 4.18). The excess pore-water
pressures began to build up immediately after the initiation of blasting. The increase in pore-
water pressures became more rapid as the detonations approached the transducers. Fluctuation of
pore pressures was observed when charges were detonated in the vicinity of the transducers.
Excess pore-water pressures at all depths reached a liquefaction plateau at about 25 seconds (i.e.,
excess pore-pressure ratio, R,, reached 100%). The increases in excess pore-water pressure at
about 40 seconds and 86 seconds were due to the effect of secondary blasting and blasting of tie
rods, respectively. Figure 4.24 presents the long-term excess pore-water pressure ratio time
history of transducer PPT-9F-2m, which indicated that the R, continued to dissipate with time to
approximately 30% about 16 hours after the test.
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Fig. 4.23 Excess pore-pressure time histories nearby 9-pile group

The characteristics of R, time histories at other locations, as shown in Appendix D, were

similar to those presented herein.

blasting ranged from 57% to slightly over 100%, and averaging 82%. The R, ranged from 22%
to 58%, averaging 37%, at about 16 hours after the test. The reasons that R, was slightly above
100% at some locations include (1) error in estimating the soil unit weight and depth of the water

table and (2) the possibility that some of the transducers might have moved downward during

and after the blasting, resulting in an increase of excess pore-water pressure.
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Fig. 4.24 Excess pore-water pressure ratio time history near 9-pile group

4.7.2 Displacements of Soil and Test Lifelines

4.7.2.1 Surface Displacement

GPS units were used to monitor the surface movements of both the soil and test lifelines (i.e.,
piles and pipelines) during lateral spreading. The measurements in the vicinity of test piles and
transverse pipelines were conducted by a research team from Caltrans (Turner 2002), while those
in the embankment area were carried out by WU (Takahashi 2002). An example time history of
soil movements on the upslope side of the 9-pile group (unit 1C) in the longitudinal, transverse,
and vertical directions is presented in Figure 4.25a, together with R, near the GPS unit (PPT-AB-
4m). It was found that once R, reached about 50% (about 10 seconds), the soil strength
apparently dropped below the driving shearing stress of the soil mass. As a result, a translation of
the soil mass began to occur. As the blasting approached the GPS unit, more movements in all
directions were observed (i.e., spikes in the displacement time histories). The rate of longitudinal
movement between 10 seconds and 27 seconds (i.e., time at the blasting past the location of GPS
unit) was fairly constant, about 1 cm/s. Beyond 27 seconds, the effect of dynamic force from the
blasting was not important as indicated by the insignificant movements in the transverse and
vertical directions. However, the rate of lateral spreading of 1 cm/second still continued for

another 5 seconds, likely due to the inertial effect of the soil mass. After 32 seconds, the lateral
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movement began to die out. Increase in the soil movements at 40 seconds was due to the effect
of secondary blasting around the sheet pile wall. Figure 4.25b presents the displacement path of
the GPS unit in the horizontal plane, showing that the horizontal movement mainly occurred in

the longitudinal direction toward the quay wall.
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Fig. 4.25 Example of GPS data of unit GPS-1C (after Turner 2002)

The results of GPS units from other locations are presented in Appendix E. It should be
noted that data obtained from four of the Caltrans’ GPS units were lost during the critical
blasting period, probably due to intermittent GPS antenna interference and wireless
communications loss (Turner 2002). One of Waseda GPS units (GPS-5) was not working during

the test. Tables 4.5—4.6 summarize the displacements in the longitudinal, transverse, and vertical
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directions obtained from Caltrans’ GPS units at 22 hours and one minute after the blasting. A
summary of the movements of the embankment soil at 30 minutes after the blasting is given in
Table 4.7.

Based on the GPS data, it was found that no horizontal creep was observed over a period
of 22 hours after the blasting. Most of the horizontal displacements associated with lateral
spreading took place within tens of seconds following the blasting. However, the data revealed
that the maximum settlement of 10 cm was observed over an extended period of time as the

pore-water pressures dissipated.

Table 4.5 Summary of Caltrans’ GPS data, approximately 1 minute following blasting

Displacement (m) Horizontal Angle to Flow
Longitudinal | Transverse Displacement (m) Direction
Location (x) (y) Vertical (z) (x-y plane) (Degree)
1A
1B
1C 0.341 -0.023 -0.001 0.341 3.88
1D 0.364 0.005 0.006 0.364 -0.78
1E
2A 0.214 -0.037 0.014 0.217 9.79
2B
2C 0.552 -0.016 0.010 0.552 1.68
2D 0.367 -0.080 -0.011 0.376 12.36
2E 0.368 -0.093 -0.043 0.380 14.24
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Table 4.6 Summary of Caltrans’ GPS data, approximately 22 hours following blasting

Displacement (m) Horizontal Angle to Flow
Longitudinal | Transverse Displacement (m) Direction
Location (x) (y) Vertical (z) (x-y plane) (Degree)
1A 0.176 -0.042 0.014 0.181 13.39
1B 0.282 -0.025 0.032 0.283 5.11
1C 0.331 -0.018 -0.090 0.332 3.08
1D 0.350 0.005 0.008 0.350 -0.86
1E 0.338 -0.003 0.026 0.338 0.51
2A 0.209 -0.035 0.005 0.212 942
2B 0.343 -0.088 -0.091 0.354 14.45
2C 0.547 -0.012 0.012 0.547 1.28
2D 0.362 -0.078 -0.111 0.371 12.18
2E 0.372 -0.096 -0.128 0.384 14.49

Table 4.7 Summary of WU’s GPS data, approximately 30 minutes following blasting

Displacement (m) Horizontal Angle to Flow

Longitudinal | Transverse Displacement (m) Direction

Location (x) (y) Vertical (z) (x-y plane) (Degree)
1 0.332 -0.175 -0.072 0.375 27.79
2 0.389 -0.100 -0.045 0.402 14.41
3 0.347 -0.032 -0.005 0.348 5.27
4 0.314 -0.406 -0.246 0.513 52.28
6 0.337 -0.021 -0.171 0.338 3.56
7 -0.002 -0.590 -0.507 0.590 89.81
8 0 -0.302 -0.490 0.302 90.00
9 0.126 -0.001 -0.333 0.126 0.46
10 0.385 -0.169 -0.117 0.420 23.70
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At the end of the test, two survey teams, from Sato Kogyo Company and Tobishima
Company, measured soil surface displacements and movements of piles and pipelines due to
blast-induced lateral spreading. Based on the GPS data (Turner 2002; Takahashi 2002) and
survey data (Sato Kogyo 2002), the displacement vectors in the horizontal plane after the first

test are presented in Figure 4.26.

-+-- -+
Vd
4— Survey Data (Sato Kogyo 2002) 0 5 10 05 1.0
. [————"]
«---- GPS Data (Turner 2002, Takahashi 2002) Scale (m) Vector Displacement Scale (m)

Fig. 4.26 Horizontal displacement vectors after the test

Soil surface movement generally increased with decreasing distance from the quay wall.
The soil in the vicinity of the embankment, however, moved considerably in the transverse
direction as opposed to the expected flow direction. This is because in the embankment area the
lateral confinement in the transverse direction was lower than that in the longitudinal direction.
For the level ground area, the displacements of the soil were mainly in the longitudinal direction
with the soil movement being quite uniform. The average displacement of the soil on the
upslope side of the pile groups was approximately 30 cm. The movement of this upslope soil was
somewhat impeded by the pile foundations. Without this influence, as for the case of the soil
between the groups, the soil movement was approximately 30% greater than that of the upslope
soil movement with a magnitude varying between 40 and 43 cm. The soil movement between the
pile foundations likely represented a true “free-field” soil displacement for the location of test
piles (i.e., no influence from pile foundations). Beyond the range of test piles, the soil
displacement continued to increase toward the quay wall where the maximum movement over
1 m had occurred.
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The pile-head displacement of the single pile (free-head pile) was 32 cm, while the 4-pile
group and the 9-pile group (fixed-head pile), moved about 21 cm and 18 cm, respectively. The
movements of both pile groups were approximately 50% of the free-field soil movement at the
location of the test piles. The movements of the pile foundations appeared to be dependent on the
pile-head condition. The pile groups with a fixed-head condition moved less than the free-head
pile due to the effect of pile-head restraint in the groups contributing to resist the moment
induced by the lateral soil pressure. This phenomenon was also recently observed in centrifuge
testing conducted at Rensselaer Polytechnic Institute (Abdoun 1997). The longitudinal pipeline
moved transversely 33 cm at the free end of the pipeline. The movements of both transverse
pipelines were similar to the surrounding soil with the maximum movements of 35 cm occurred

at the middle of both pipelines.

4.7.2.2 Soil Displacement Profile

Profiles of soil displacement obtained from the inclinometer readings after the completion of the
blast test are presented in Appendix F. A summary of lateral soil movement at the ground
surface at each location is given in Table 4.8. Typical soil displacement profiles are presented in
Figure 4.27. The results indicate that the maximum movement of the soil occurred at the ground
surface as expected. The soil movement profiles in the vicinity of the test piles where the ground
was level were quite linear, indicating a uniform shear strain over a thickness of 8 m. However,
those located in the embankment area where the top layer was nonliquefiable showed a sign of
zero shear strain of the nonliquefiable layer and higher shear strain below that layer. It should be
noted that the displacements obtained from inclinometer data were slightly less than the actual
soil displacement (i.e., compared with GPS data) because an absolutely fixed boundary condition
at the tip of an inclinometer casing was assumed in computing the soil displacement profile (Fig.

4.28).
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Table 4.8 Summary of measured soil displacements at ground surface from

inclinometers
Name | Displacement | Displacement | Total Vector Remarks
in A-Axis (m) | In B-Axis (m) (m)
S1 - - - Casing damaged
S2 0.310 -0.059 0.315
S3 0.233 -0.049 0.238
S4 0.179 -0.031 0.182
S5 0.413 -0.050 0.416
S6 0.348 0.078 0.356
S7 0.309 -0.057 0.314
S8 0.242 -0.059 0.249
S9 0.315 0.096 0.330
S10 0.323 -0.021 0.324
S11 0.307 0.025 0.308
S12 0.236 0.165 0.288
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Fig. 4.27 Soil displacement profiles (a) S5 (level ground) and (b) S10 (embankment)
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Fig. 4.28 Comparison of surface displacements from inclinometer and GPS unit

4.7.3 Pile and Pipeline Responses

4.7.3.1 Single Pile

Strain time histories along both sides of the single pile at various depths are shown in Appendix
G. Figure 4.29 presents the strain profiles at the end of the test corresponding to maximum free-
field soil displacement. It is noted that most strain gages on the back side of the single pile, as
well as a series of tiltmeters, were damaged during pile installation.

As expected, because this was a free-head pile, the moments at the head were zero. The
maximum moment occurred in the dense soil layer at a depth of about 9 m. Based on the strain
data, the single pile remained elastic throughout the test. Interestingly, the moment was
insignificant through the first 4 m of the very loose liquefied sand layer indicating that the
resultant force on the pile produced by the liquefied soil was negligible. Below the liquefied soil

layer, the moment increased with depth for the next 3.5 m, through a very soft clay layer.
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Fig. 4.29 Strain and moment profiles of single pile (No. 9) after the test

4.7.3.2 4-Pile Group

Two piles of the 4-pile group, denoted as No. 7 and No. 8, respectively, were instrumented with
strain gages. Time histories of strain along the piles are presented in Appendix G. The strain
profiles of pile No. 7 and No. 8 are presented in Figures 4.30 and 4.31, respectively. For pile No.
8, the strains on both sides along the pile were reasonably symmetric, indicating the consistency
of strain gage data. The moment distribution of each pile was estimated as presented in Figures
4.30-4.31. The shape of the moment profiles agreed well with the expected behavior of a pile
with a fixed-head condition, where a negative moment occurred at the pile head due to the effect
of pile-head restraint. The maximum moment occurred at a depth of 9 m below the ground
surface as in the case of the single pile. However, the magnitude of the maximum moment was
significantly less than that of the single pile because rotational restraint at the pile cap led to a
stiffer response under loading applied by the mobile layer. Based on the moment data, all piles

in the groups remained elastic.
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Fig. 4.30 Strain and moment profiles of pile No. 7 (4-pile group) after the test
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Fig. 4.31 Strain and moment profiles of pile No. 8 (4-pile group) after the test
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4.7.3.3 9-Pile Group

Six piles of the 9-pile group, denoted as No. 1, No. 2, No. 3, No. 4, No. 5, and No. 6,
respectively, were instrumented with strain gages as presented in Figure 4.4. Time histories of
strain along the piles are presented in Appendix G. The strain and moment profiles of each pile
are presented in Figures 4.32—4.37. Similar to the results of the 4-pile group, the strain profiles
of both sides were reasonably symmetric, showing the consistency of strain data. In addition, the
shape of the moment profiles agreed well with the expected behavior of a pile with a fixed-head
condition. The moment of each pile in the group was quite similar. However, the moments of
piles No. 2 and No. 4 were smaller than the others in the group because both piles were shorter in
length, as mentioned earlier, and therefore had a smaller degree of fixity into the dense soil layer.

Based on the moment data, all piles in the group remained elastic.
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Fig. 4.32 Strain and moment profiles of pile No. 1 (9-pile group) after the test
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Fig. 4.33 Strain and moment profiles of pile No. 2 (9-pile group) after the test
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Fig. 4.34 Strain and moment profiles of pile No. 3 (9-pile group) after the test
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Fig. 4.35 Strain and moment profiles of pile No. 4 (9-pile group) after the test
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Fig. 4.36 Strain and moment profiles of pile No. 5 (9-pile group) after the test
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Fig. 4.37 Strain and moment profiles of pile No. 6 (9-pile group) after the test

4.7.3.4 Pipelines

Strain time histories of both transverse and longitudinal pipelines are summarized in Appendix G.
The strain distributions along the transverse pipelines are presented in Figure 4.38. The strain
data of pipelines were somewhat irregular because the pipelines were subjected to nonuniform
soil pressure along their entire lengths, produced by compression waves from the blasting. The
strain distribution along the side of the electrical conduit was smaller than the gas pipeline. The
reason is that for the same pipeline curvature distribution (i.e., both pipelines experienced the
same movement, as shown in Figure 4.26), the larger diameter pipeline produces larger strain.

Strain data also show that both pipelines performed relatively well without yielding.
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Fig. 4.38 Strain distribution along transverse pipelines: (a) side gages and (b) top gages

The strain distribution along the side of the longitudinal gas pipeline is shown in Figure
4.39a. Initially, it was aimed at measuring the axial strain along the pipeline due to the axial
frictional forces imposed by the soil movement relative to the pipeline. Theoretically, if the soil
moves parallel to the direction of the pipeline, the maximum strain should occur at the support
and gradually decrease to zero at the end of the pipeline. However, the measured strain

distribution shows that the maximum moment occurred at the middle of the pipelines because the
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soil movement produced by the blasting caused the pipeline to move significantly in the
transverse direction compared to the longitudinal direction, as shown by the survey data in
Figure 4.26. Small strain observed in the vicinity close to the support indicates that the frictional
forces imposed by the soil movement in this case was negligible and would not cause damage to
the pipeline. However, the amount of strain along the top and bottom of the pipeline due to
settlement was noticeable, as shown in Figure 4.39b. The symmetry of strain gage data along the
top and bottom indicated the consistency of data. This bending strain, due to the soil settlement,
appeared to be more important than that due to the frictional forces, and therefore should be

considered in the design.
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Fig. 4.39 Strain distribution along longitudinal pipeline: (a) side gages and (b) top and
bottom gages
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4.7.4 Results from Other Instrumentation

4.7.4.1 Soil Pressure Cells

The data of soil pressure cells on the caps of the 4-pile and 9-pile groups are presented in Figure
4.40. The data of several soil pressure cells seem to be inconsistent. However, a few soil
pressure cells (i.e., SPC-3, SPC-5, and SPC-7) appeared to work properly (i.e., small noise in the
time-history plot). By considering only the good ones, the results show that the soil pressures on
both sides of the pile cap were fluctuating during the test due to the effect of the blasting. Once
the blasting stopped, the soil pressure cells on the upstream side of the pile caps (i.e., SPC-3 and
SPC-7) show an increase of the pressure, indicating that the soil pushed the caps and provided
passive pressure to the caps. Soil pressure cell SPC-5 located on the downstream side of the cap,
on the other hand, shows a decrease of the soil pressure, implying that the soil moved away from
the cap and provided active pressure to the cap. However, the change in soil pressures acting on

the pile caps appeared to be relatively small, less than 3 kN/m”.
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Fig. 4.40 Soil pressure time histories on pile caps
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4.7.4.2 Accelerometers

An accelerometer was installed at the pile head of each test pile foundation system. Acceleration
time histories at the pile heads are presented in Figure 4.41. The test results show that the peak
acceleration was dependent on the lateral stiffness of pile foundation system. The peak

acceleration of the 9-pile group was lowest, while that of the single pile was largest.
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Fig. 4.41 Pile-head accelerations for (a) single pile, (b) 4-pile group, and (c) 9-pile group

74



4.7.4.3 Tiltmeters

Several tiltmeters were installed along the piles but most of them were damaged during pile

driving. Only two tiltmeters installed at the pile tops were available: the single pile and 9-pile

group. The data in Figure 4.42 show that the pile-head rotation of the single pile (free-head

condition) was approximately 2 degrees at the end of the test, while the rotation of the 9-pile

group (fixed-head condition) was insignificant, about 0.2 degrees.
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Fig. 4.42 Pile-head rotations for (a) single pile, (b) 4-pile group, and (c) 9-pile group
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4.7.4.4 Linear Potentiometers

The measurements obtained from string activated linear potentiometers are presented in Figures
4.43-4.45. A summary of relative movement between two points of interest after the blast is
given in Table 4.9. According to the measurements, it can be observed that the movements of
the single pile (No. 9) and the soil in front of the pile were approximately the same, while the
movements of the Waseda single piles were greater than the soil. This might be due to the fact
that the pile tips of Waseda piles were located just above the dense layer; while the UCSD pile
was penetrated 3 m into the dense layer. The Waseda piles were therefore likely to behave like
rigid piles in which the rotation and movement at the pile tip were expected. In contrast, the
UCSD pile behaved more like a flexible pile where the rotation and the movement at the pile tip
was insignificant. Therefore, the displacement at the pile head of the UCSD single pile was less
than those of the Waseda piles. As expected, the soil in front of and behind the pile groups
moved approximately 8—15 cm more than the pile groups. It is noted that some error on the
measurements was expected due to the uplift of slope inclinometer casing, as noted in Table 4.9.

The relative displacements obtained from linear potentiometers were also used to verify
the accuracy of the measurements from GPS units. Two locations were evaluated in this study.
One of them was the relative displacement between the single pile (GPS-1D) and slope
inclinometer casing S7 (GPS-1E). The other was the relative displacement between the 9-pile
group and slope inclinometer casing S1.

Table 4.10 presents comparisons of relative displacements obtained from GPS units and
linear potentiometers. Excellent agreement between both measurements was observed. The
difference between both measurements was within the accuracy of real time kinematics GPS

methods, 1 cm. This confirmed the accuracy of the measurements obtained from the GPS units.
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Table 4.9 Summary of relative displacements obtained from linear potentiometers

Name Location Relative Interpretation Remarks
movement
(m)
9-pile group and Inc. S1 The soil moved 96 mm
STP-1 -0.096 )
(upstream) more than the pile group.
9-pile group and Inc. S2 The soil moved 144 mm
STP-2 +0.144
(downstream) more than the pile group.
Single pile and Inc. S7 The soil and the single pile
STP-3 +0.002
(upstream) moved together.
4-pile group and Inc. S8 The soil moved 80 mm S8 moved 0.3
STP-4 -0.080
(upstream) more than the 4-pile group. m upward.
Single pile (W1) and The pile moved 158 mm S11 moved
STP-5 +0.158
Inc. S11 (upstream) more than the soil. 0.2 m upward.
Single pile (W2) and The pile moved 74 mm S11 moved
STP-6 +0.074
Inc. S11 (upstream) more than the soil. 0.2 m upward.
Single pile (W1) and Both piles had the same
STP-7 . ) +0.008
Single pile (W3) movement.
4-pile group and anchor The anchor pile moved
STP-8 +0.170
pile more than the 4-pile group.
Anchor pile and qua The quay wall moved more
STP-9 P auay +0.347 auay
wall than the anchor pile.

Table 4.10 Verification of GPS measurements with data from potentiometers

GPS Location Potentiometer Location GPS Potentiometer
Measurement (m) Measurement (m)

GPS 1A-1B STP-1 0.106 0.096

GPS 1E -1D STP-3 0.012 0.002
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5 Second Full-Scale Lateral Spreading Test

The second lateral spreading test was carried out about one month after the first test with the
same test piles and instrumentation from the first experiment still in place. The test was
performed in an attempt to induce additional ground deformations and further evaluate the

performance of the piles subjected to a higher level of soil deformation.

5.1 SITE LAYOUT

The test site for the second lateral spreading test was modified from the first as shown in Figure
5.1. Photographs of the site are shown in Figures 5.2-5.3. The quay wall and sheet piles
surrounding the test site were removed. The waterway was excavated on one end of the test site
to an elevation of -1.00 m with a slope of 2:1. Water was then filled to an elevation of +2.00 m.
However, the actual groundwater table observed from the soil excavation adjacent to the test area
was approximately 1 m lower, likely due to lack of rain for about one month. The ground surface
was level for a distance of 7.5 m away from the edge of the waterway, and then started sloping
upward at 6%.

The weather during the second lateral spreading experiment was quite poor as shown in
Figure 5.4, with a heavy snowfall of about 0.50 m and wind speeds of 100 kph on the test day.
The ground was frozen to a depth of approximately 0.20 m below the ground surface. The
frozen ground would likely impede lateral spreading. In an attempt to mitigate this problem,
jackhammers were used to break up the frozen ground into small blocks in the vicinity of the test

piles.
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Fig. 5.2 Site condition of second full-scale lateral spreading test (front)

Fig. 5.3 Site condition of second full-scale lateral spreading test (side)
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Fig. 5.4 Bad weather during the second test

5.2 INSTRUMENTATION

Since the same test piles and instrumentation from the first experiment still in place, the
instrumentation in the second test was essentially the same as the first experiment. Only
locations of GPS units and linear potentiometers were changed from the first test. A layout of

instrumentation for the second full-scale test is presented in Figure 5.5.

5.3  BLASTING SEQUENCE

The blast holes were spaced at 6.0 m on center in a regular grid pattern as shown in Figure 5.6.
The charges were installed at depths of 4.0 m and 8.0 m below the design ground surface (EI
+3.00 m). The amount of charges varied from 2—4 kg with the charges being smaller in the
vicinity of test piles to prevent damages to the large number of instruments installed in the
vicinity. Two additional rows of blast holes were drilled. One was located on the steep slope
adjacent to the waterway, with the amount of explosives ranging from 1-3 kg. The purpose of
these explosives was to create movement at the slope toe prior to the primary blasting sequence
such that the embankment soil behind it had a high potential to move freely with larger

deformation once the primary blasting initiated. The other additional blast holes were located
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between the pipelines and pile as denoted as blast holes No. 7-No.9. Three kilograms of

explosives were installed at El. —3.00 m.
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Fig. 5.5 Layout of instrumentation for second full-scale lateral spreading test
As shown in Figure 5.6, the explosives under the steep slope (S5 to S1) were detonated

first. Approximately 15 second later, the primary blasting sequence was initiated at the rear of

the embankment (No. 2) and continued sequentially toward the waterway.
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TEST RESULTS

5.4.1 Excess Pore Pressure

The excess pore-pressure ratio, R,, time history for each location in the second test is given in
Appendix H. A typical R, time history is shown in Figure 5.7. This transducer was located
upslope of the 9-pile group at 4 m depth. The excess pore-water pressures began to build up

immediately after the initiation of blasting at the slope toe, between 0-3 seconds. Once the
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primary blasting occurred, at 18 seconds, excess pore-water pressures continued to increase and

reached the maximum at about 25 seconds.
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Fig. 5.7 Excess pore-pressure time history nearby 9-pile group

The R, in the second test appeared to be much less than measured during the first test
with values at the end of the blast ranging between 25%—60% and averaging 41%. The lower R,
measured in the second test may be because the soil conditions were less susceptible to
liquefaction due to two possible reasons. First, the soil was densified as a result of the first test,
which in turn decreased the potential of liquefaction. Based on survey data one day after the first
test, soil settlement was 10—15 cm in the vicinity of the piles (Fig. 5.8), corresponding to the
vertical strain of about 3—4%. This settlement occurred due to the dissipation of excess pore-
water pressure in the loose sand layer. Second, the groundwater table in the second test was
lower than that observed in the first test as mentioned previously. Associated with this lower
water table, the effective overburden stress for the soil in the second test was higher than that in
the first test. As such, with relatively the same blasting energy for both tests, the soil in the
second test was more difficult to liquefy (i.e., required higher excess pore-water pressure build-

up to liquefy the soil).
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Fig. 5.8 Observed settlement near 9-pile group (one day after the first experiment)

5.4.2 Displacements of Soil and Test Lifelines

5.4.2.1 Surface Displacement

GPS units were used to monitor the movements of both the ground surface and test lifelines
during lateral spreading. The measurements were conducted by a research team from Caltrans
(Turner 2002). The results of each GPS unit are given in Appendix I.

Displacements in longitudinal, transverse, and vertical directions obtained at 1 minute
and 20 hours after the blasting are summarized in Tables 5.1-5.2, respectively. Similar to the
first full-scale test, no horizontal creep was observed over 20 hours after the blast. Most of the
horizontal displacement associated with the lateral spreading took place within ten seconds after

the blast.
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Table 5.1 Summary of GPS data for second Japan blast test, approximately 1.3

minutes following blasting (data from Caltrans)

Displacement (m) _ Horizontal Ang!e to.FIow
Displacement (m) Direction
Location || ongitudinal (x)| Transverse (y) | Vertical (z) (x-y plane) (Degree)
1A 0.155 -0.022 0.009 0.157 8.06
1B 0.151 -0.017 0.066 0.151 6.34
1C 0.195 -0.048 0.015 0.201 13.81
1D 0.299 0.004 0.002 0.299 -0.70
1E 0.226 0.054 0.010 0.232 -13.37
2A 0.183 -0.012 0.009 0.184 3.83
2B 0.103 -0.039 0.028 0.110 20.98
2C 0.473 0.002 -0.019 0.473 -0.19
2D 0.170 -0.020 -0.107 0.171 6.71
2E 0.445 -0.018 -0.015 0.445 2.27

Table 5.2 Summary of GPS data for second Japan blast test, approximately 20 hours

following blasting (data from Caltrans)

Displacement (m _ Horizontal Ang!e to_FIow
Displacement (m) Direction
Location || ongitudinal (x)| Transverse (y)| Vertical (z) (x-y plane) (Degree)
1A 0.149 -0.023 -0.001 0.151 8.76
1B 0.149 -0.016 0.047 0.150 6.24
1C 0.193 -0.034 -0.009 0.196 9.99
1D 0.296 0.011 -0.015 0.296 -217
1E 0.224 0.055 -0.012 0.230 -13.79
2A 0.171 -0.021 0.007 0.172 6.99
2B 0.104 -0.045 0.044 0.114 23.36
2C 0.475 0.005 -0.024 0.475 -0.57
2D 0.169 -0.022 -0.144 0.170 7.37
2E 0.459 -0.008 -0.022 0.459 1.00
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Figure 5.9 presents the horizontal displacement vectors of the second test obtained from
GPS units and survey data. The horizontal soil movements on the upslope side that occurred in
the second test were significantly lower than those in the first test with an average value of 15 cm.
This is likely because the soil condition in the second test was less susceptible to liquefaction as
mentioned earlier, and the duration of blasting was significantly shorter than in the first test.
Similar to the first test, the magnitude of soil movement generally decreased with increasing
distance from the waterway. The maximum soil movement was observed between both pile
groups with a magnitude of 46 cm. Based on displacement time histories recorded by GPS unit
2E as presented in Figure 5.10, it was found that 10 cm of the 46 cm of soil movement
contributed to failure of the slope immediately after the first set of the blast at the slope toe. The
movements of the single pile, 4-pile group, and 9-pile group were slightly less than in the first
test with magnitudes of 28 cm, 18 cm, and 16 cm, respectively. Both of the transverse pipelines
moved together with the surrounding soil with the maximum movement approximately 15 cm at

the center of the pipelines.
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Fig. 5.10 Displacement time histories of GPS unit 2E
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5.4.2.2 Soil Displacement Profile

Typical soil displacement profiles at the end of the second test are shown in Figure 5.11. The
results show that the magnitude of soil displacements of the second test was approximately 50%
of that measured in the first test. This may be because the soil in the second test was less
susceptible to liquefaction as mention earlier. Appendix J summarizes the soil displacement
profile of each location measured in the second test. A summary of lateral soil movements at the

ground surface is provided in Table 5.3.

Table 5.3 Summary of displacement at ground surface from slope inclinometer data,

second blast test

Location | Displacement | Displacement Total Remarks
in A-Axis (m) | In B-Axis (m) Vector
(m)
S1 - - - Casing damaged.
S2 0.351 -0.033 0.353
S3 0.143 0.066 0.157
S4 0.136 -0.046 0.143
S5 0.392 -0.076 0.400
S6 0.429 0.025 0.430
S7 0.218 -0.057 0.225
S8 0.119 -0.015 0.120
S9 0.091 0.038 0.098
S10 0.090 -0.012 0.091
S11 0.212 -0.001 0.212
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Fig. 5.11 Soil displacement profiles obtained from slope inclinometer (S8)

5.4.3 Pile and Pipeline Responses

All strain gages were re-zeroed prior to the second test. Additional strains measured in the
second test were added to those measured in the first test to obtain the total strains, as well as the
total bending moments in the second test. Strain time histories measured in the second test for

individual piles and pipelines are given in Appendix K.

5.4.3.1 Single Pile

Strain profiles of the single pile measured in the second test are presented in Figure 5.12a. These
strains were added to those measured in the first test to calculate the total moments along the pile
in the second test. Moment distributions along the length of the single pile at the ends of the first
and second tests are presented in Figure 5.12b. Similar to the first test, the moments of the first 4
m in the second test were negligible, and the maximum moment occurred in the dense soil layer
at a depth of about 9 m. As expected, the moment in the second test was larger than in the first
test because the pile experienced larger movement. The moment profiles indicate that the single

pile yielded after the second test with the plastic hinge length of more than 1 m.
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Fig. 5.12 Strain and moment profiles of single pile after second full-scale lateral

spreading test

5.4.3.2 4-Pile Group

Strain time histories of instrumented piles in the 4-pile group are presented in Appendix K.
Strain gages on the back side (downstream) of pile No. 8 were completely damaged due to the
effect of blasting. Profiles of additional strain for piles No. 7 and No. 8 due to lateral spreading
in the second test are presented in Figures 5.13a and 5.14a, respectively. These strains were
added to those measured in the first test to calculate total moments along the pile in the second
test. Moment distributions along the length of each pile at the end of the first and the second
tests are presented in Figures 5.13b and 5.14b. As expected, the maximum positive moments in
the second test were greater than those of the first test because the total movements of the pile
groups increased. However, the negative moments at the pile heads in the second test were very
similar to the first test. This might be due to the fact that the negative moments at the pile heads
in the second test reached the ultimate moment capacity of the connection between the piles and

the cap. Both piles in the groups remained elastic after the completion of the second test.
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5.4.3.3 9-Pile Group

Strain time histories of individual instrumented piles in the 9-pile group are presented in
Appendix K. It should be noted that the time-history data for piles No. 4 and No. 5 were lost due
to technical error in the data-acquisition system. Fortunately, the residual strains at the end of
the second test could be restored. Strain profiles of each pile measured in the second tests are
shown in Figures 5.15a—5.20a. The moment distributions of each pile are presented in Figures
5.15b-5.20b. The characteristics of bending moment profiles of the piles in the 9-pile group
were similar to those of the 4-pile group. All piles remained elastic after the test. The moments
of piles No. 2 and No. 4 were lower than the others due to the lower degree of fixity at pile tips,

as described earlier.
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Fig. 5.15 Strain and moment profiles of pile No. 1 of 9-pile group after second full-scale

lateral spreading test
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Fig. 5.18 Strain and moment profiles of pile No. 4 of 9-pile group after second full-scale

lateral spreading test
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Fig. 5.19 Strain and moment profiles of pile No. 5 of 9-pile group after second full-scale
lateral spreading test

98



Back  Front
K ® @
Flow Direction

® @ o | <—

56—
Front ——@——— Moment after 1st Test
O O O ——e—— Back ——©—— Total Moment (1st+2nd)

Strain (x10<) Moment (kN-m)
9-Pile Group 1200 -600 O 600 1200  -400 200 O 200 400
E1 +3.000 - - - -
A%\ " A%\ 0 — T — T 0 — T —
Pile Cap - Comp. Tens.
EI+2.000 - I | I |
V. L
sab 2 a) 2r b)
E1-0.800
4 . 4 -
V. Soft = [ b = I b
5 4car E E
£ | - — = - —
= 6 = 6
[ Q
El -4.300 o ¢ 1 8 ¢t .
Med. Dense
El-5.300 SAND 8 B 8 B
V. Dense [ 7 [ 7
GRAVEL
L] 10 4 1w0f :
- Additional Strain in 2nd Test
ol PR ol 1 Ll

Fig. 5.20 Strain and moment profiles of pile No. 6 of 9-pile group after second full-scale

lateral spreading test

5.4.3.4 Pipelines

Strain time histories along the transverse gas pipeline (pipeline A) and the electrical conduit
(pipeline B) are presented in Appendix K. These were the additional strains measured in the
second test only. Figures 5.21-5.22 present profiles of additional strain along pipelines A and B

measured in the second test.
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5.4.4 Results from Other Instrumentation

5.4.4.1 Accelerometers

The data from accelerometers attached on the top of foundations are presented in Figure 5.23.
Similar to the first test, acceleration at the pile head decreased with increasing foundation
stiffness. The acceleration of the single pile was the highest, while that of the 9-pile group was

lowest.

101



4 T | T | T | T | T
r (a) Single Pile ACC-3 A

Acceleration (g)
o

0 20 40 60 80 100
Time (s)
4 T I T I T I T I T
- (b) 4-Pile Group ACC-1 -
2 — —

Acceleration (g)
o

2L .

0 20 40 60 80 100
Time (s)

" (c) 9-Pile Group ACC-2 1

Acceleration (g)
o

-4 I | I | I | I | I
0 20 40 60 80 100

Time (s)

Fig. 5.23 Pile-head acceleration time histories in second test: (a) single pile, (b) 4-pile

group, and (c) 9-pile group

5.4.4.2 Tiltmeters

Figure 5.24 shows that the pile-head rotation of the single pile (free-head condition) at the end of
the test was approximately 1.5 degrees, while the rotation of the 9-pile group (fixed-head
condition) was insignificant, about 0.1 degrees. These rotations were additional rotations
measured in the second test only. The total rotations can be obtained by summing up the

rotations measured in the second test with those measured in the first.
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Fig. 5.24 Pile-head rotations for (a) single pile, (b) 4-pile group, and (c) 9-pile group

5.4.4.3 Linear Potentiometers

Relative displacements obtained from string activated linear potentiometers are presented in
Figures 5.25-5.28. A summary of relative movements is given in Table 5.4. The movements of
the 4-pile group (19 cm) and 9-pile group (17 cm) were almost the same, while the movement of
the single pile was approximately 10 cm more than the pile groups. The soil in front of the pile
caps moved approximately the same amount as the pile caps. The soil on the downstream behind
the 9- pile group moved 20 cm more than the pile cap.

The displacement measurements from GPS units were verified against linear
potentiometer measurements in several locations, as summarized in Table 5.5. Excellent

agreement between measurements from GPS units and linear potentiometers were observed, with
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the differences being less than 1.4 cm except at STP-3 where the GPS measurement was 3.8 cm

lower than that measured by linear potentiometer.

Table 5.4 Summary of relative displacements after second full-scale lateral spreading test

Name Location Relative Interpretation
Movement (m)

STP-1 | 9-pile group and Inc. 0 The pile group and the soil had
S1 (upstream) the same movement.

STP-2 | 9-pile group and Inc. 0.196 The soil moved 196 mm more
S2 (downstream) than the pile group.

STP-3 | Single pile and Inc. 0.038 The pile moved 38 mm more
S7 (upstream) than the soil.

STP-4 | 4-pile group and Inc. 0.025 The soil moved 25 mm more
S8 (upstream) than the pile group.

STP-5 | Single pile (W1) and 0.132 The pile moved 132 mm more
Inc. S11 (upstream) than the soil.

STP-6 | Single pile (W2) and 0.085 The pile moved 85 mm more
Inc. S11 (upstream) than the soil.

STP-7 | Single pile (W1) and 0.018 Pile W3 moved 18 mm more
Single pile (W3) than pile W1.

STP-8 | 4-pile group -0.187 The 4-pile group moved 187

mm.
STP-9 | 9-Pile Group -0.169 The 9-pile group moved 169
mm.
STP-10 | Single Pile -0.285 The single pile moved 285 mm.

Table 5.5 Verification of GPS measurements with data from potentiometers

GPS Potentiometer

GPS Location

Potentiometer Location

Measurement (m)

Measurement (m)

1A

1D

2A

GPS 1A -1B

GPS 1E -1D

STP-9

STP-10

STP-8

STP-1

STP-3

0.157

0.299

0.184

0.006

0.073

0.169

0.285

0.187

0.000

0.038
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Fig. 5.25 Relative displacement between (a) S1 and 9-pile group, (b) S2 and 9-pile group,
and (c) S7 and single-pile, second blast test
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Fig. 5.26 Relative displacement between (a) S8 and 4-pile group, (b) S11 and W1 pile, and
(c) S11 and W2 pile, second blast test
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Fig. 5.27 Relative displacement between (a) pile W1 and pile W3, (b) 4-pile group and
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Fig. 5.28 Relative displacement between single pile and reference post

5.5  PILE-CAP CONDITION AFTER TEST

After completion of the tests, the soil surrounding the pile caps was excavated to investigate the
structural performance as shown in Figures 5.29-5.30. Only a little concrete spalling surrounding
the pile heads was observed, indicating that some rotations between the piles to the pile caps
might occur, but could not be quantitatively identified. No pull-out of piles from the pile cap was
observed on the connections of both pile groups though both pile groups experienced total
movements of nearly 40 cm. However, if either a stronger or thicker layer of shallow soil
overlying the liquefied soil layer exists, the amount of force exerted by the soil would become

higher and possibly cause damage to the connections.
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Fig. 5.29 Concrete spalling underneath pile cap of 4-pile group (pile N3)

Fig. 5.30 Concrete spalling underneath pile cap of 9-pile group (pile No. 8)
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6 Analyses of Pile Responses

The first section of this chapter involves the use of strain gage data from both the first and
second full-scale tests to back-calculate the pile responses, as well as evaluate loading conditions
along the piles subjected to lateral spreading. The back-calculated pile responses are then
compared to the measurements. The results from the analyses are presented and discussed. The
second section focuses on the application of pushover analysis using the p-y method to predict
the behavior of piles subjected to lateral spreading and then compares this with the results from
the experiments. Both single piles and pile groups are considered in the analyses using the same
set of baseline soil properties. The analysis approach and results are presented in this chapter.

Finally, the design implications of piles subjected to lateral spreading are given.

6.1 BACK-CALCULATION OF PILE RESPONSES

Strain gages attached to the test piles were used to calculate the curvatures along the length of
the piles. The moments in the piles corresponding to maximum soil surface displacements were
determined using moment-curvature relationships as shown in Fig. 4.6. All strain gages were re-
zeroed before each test. Additional strains measured in the second test were added to those
measured in the first test to obtain the total curvatures, as well as the total bending moments in
the second test. The lateral soil reactions were then back-calculated by double differentiating the
moment data. The pile rotations and pile displacements were obtained by single- and double-
integrating the curvature data, respectively. Since the data had some amount of scatter, some
curve fitting was necessary. In this analysis, polynomials of an appropriate order were used to fit

the experimental moment curves.



6.1.1 Single Pile

Moment distributions along the length of the single pile at the ends of the first and the second
blast tests are presented in Figure 6.1. The solid and dotted lines in the moment plot represent
curve fitting to the moment data for the first and second tests, respectively.

As mentioned earlier in the previous chapters, the moment was insignificant through the
first 4 m of the very loose liquefied sand layer, indicating that the resultant force on the pile
produced by the liquefied soil was negligible. This is also confirmed by the back-calculated soil
reaction as shown in Figure 6.1. Below the liquefied soil layer, the moment increased with depth
for the next 3.5 m, through a very soft clay layer. Though the R, in this layer also reached 100%,
the clay layer behaved differently from the liquefied sand. As indicated by the back-calculated
soil reaction, the soft clay layer exerted a driving force to the pile (+ sign), while the dense gravel
layer provided a resisting force (— sign). Although it was anticipated that the second sand layer
would also be liquefied and provide zero resisting force to the pile as similar to the first sand
layer, the back-calculated soil reaction indicated some soil resistance from this layer. This is
likely because the thickness of this layer was so thin that very limited strain gage data were not
able to capture this phenomenon. The back-calculated soil reactions in the clay layer in the
second test were slightly higher than in the first test. However, they were comparable to the
ultimate soil resistance estimated using Matlock’s soft clay p-y curves (Matlock 1970), implying
that the movements of the clay layer were nearly large enough to cause the soil to reach its
ultimate pressure. The back-calculated pile-head rotations and pile-head displacements of the

single pile were in good agreement with the measurements obtained from both blast tests.
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Fig. 6.1 Back-calculated pile responses (a) single pile, (b) 4-pile group, and (c) 9-pile group
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6.1.2 Pile Groups

The moment of each pile in the group was quite similar, as presented in Figure 6.2. However, the
moments of piles No. 2 and No. 4 of the 9-pile group were smaller than the others because both

piles were shorter in length and therefore had a smaller degree of fixity into the dense soil layer.
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Fig. 6.2 Moment distribution of each pile from first full-scale test: (a) 4-pile group and (b)
9-pile group

Due to the similarity of the moment of each pile in the group, the moment profiles of pile No. 8
in the 4-pile group and pile No. 6 in the 9-pile group were used to back-calculate the pile
responses as presented in Figures 6.1b and 6.1c. The shape of the moment profiles obtained from
the first and second experiments agreed well with the expected behavior of a pile with a fixed-
head condition, where a negative moment occurred at the pile head due to the effect of pile-head
restraint.

As expected, the maximum positive moments in the second test were greater than that of
the first test because the total movements of the pile groups increased. However, the negative
moment at the pile heads in the second test was very similar to that of the first test. Based on a
force equilibrium analysis, the ultimate moment capacity at the connection between a pile head
and a pile cap, which considered only the tensile force from the steel v-shape anchor bars (see
Fig. 4.10), was estimated as 90 kN-m. This estimated moment capacity was very close to the
measured negative moments at the end of the first test. The negative moments at the pile heads in
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the second test were therefore limited to this ultimate moment capacity. Increasing the pile-cap
movement would only result in an increase of pile-head rotation underneath the pile cap. The
slight decrease of the moment at the pile head in the second test may be due to the loss of
concrete bonding to the steel pipe piles, which was neglected in the analysis.

The pile moment distribution for the first 4 m of soil, where the very loose liquefied sand
layer existed, was approximately linear, resulting in zero soil reaction as confirmed by the back-
calculated soil reaction in Figures 6.1b—c. This finding agrees well with the previous conclusion
obtained from the single pile case. Similar to the single pile case, the clay layer provided a
driving force to the pile, while the dense gravel layer exerted a resisting force. However, the
back-calculated soil reactions in the clay layer were less than those obtained from the single pile
case, likely due to a shadowing effect.

The back-calculated displacements of both pile groups were approximately 25% and 35%
lower than the measured values for the first and second tests, respectively. This may be because
some translation and/or rotation at the pile tips had occurred during the tests, while in the
analyses, both were assumed to be zero. The amount of rotations at the pile tips required to
match the measured displacements at the pile cap of the 9-pile group was small, about 0.2 and
0.5 degrees for the first and second tests, respectively. The back-calculated pile-head rotations of
the 9-pile group were significantly higher than the measured ones, particularly in the second test.
One possible reason is that for this type of pile cap, a complete fixity of the pile to the pile cap
was not obtained. As a result, some rotation at the pile-head underneath the pile cap might occur

resulting in a difference in rotations between the pile cap and the pile heads.

6.2 PUSH-OVER ANALYSIS USING P-Y METHOD

6.2.1 Concept of p-y Method

A pseudo-static pushover analysis using the p-y analysis method is extensively used in current
design practice to analyze the response of a laterally loaded pile due to the simplicity of this
method in modeling compared to the 2D or 3D finite element method based soil constitutive
model. The application of this method in current design practice is mainly focused on the
analysis of piles under lateral load moving against the stationary soil mass. However, in many
cases, such as a pile subjected to lateral spreading, the soil mass itself will move toward and
exert load on the pile, which will displace the pile a certain amount depending on the relative
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stiffnesses between the pile and the soil. In this case, the soil loading must be considered by
taking into account the relative movement between the soil and pile.

Figure 6.3 presents a basic concept of using the p-y analysis method to analyze the
behavior of a pile subjected to the movement of the soil mass (Reese et al. 2000). If the soil
mass is stationary (i.e., no kinematic loading), the p-y curve is symmetric about the p-axis (curve
1) and the governing equation for this case is

4

d’y
EI dz4p -py,=0 (6.1)

where E1 is the pile stiffness, y, is the pile displacement, and z is the depth.

P 4

P2

A

P4

Fig. 6.3 Concept of p-y curves to account for movement of soil mass (after Reese et al.

2000)

However, if the soil mass moves, the soil resistance curve is offset according to the
movement of the soil mass, y, (curve 2). When the pile movement, y,, is less than the soil mass
movement, y,, (i.€., ¥, = y;) the soil exerts a driving force, p;, on the pile. However, if the pile
movement, y,, is greater than the soil movement, yy, (i.e., ¥, = »>), the soil in this case provides
the resistance force, p,, to the pile. To predict the behavior of a pile subjected to lateral

spreading, the free-field soil displacement, y;, needs to be known first, and then imposed to the
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boundary ends of the Winkler soil springs along depths as shown in Figure 6.4. The response of
the pile can then be obtained by solving the following differential equation:

4

d’y,
El p -p(y,-»,)=0 (6.2)

The above equation can be solved by either finite difference or finite element methods.
This concept was incorporated into the LPILE Plus 4.0m computer code (Reese et al. 2000)
using the finite difference technique to solve the above differential equation. A new feature of
the LPILE Plus 4.0m computer program allows users to input the free-field soil movement to the
soil springs. The program also facilitates users by automatically generated p-y curves based on
soil types that are user specified. All the analyses in this report were conducted using this

program.

NANZ
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Pile
Movement

 Free-Field
: Soil Movement

Nonlinear p-y Spring

Fig. 6.4 p-y analysis model for single pile subjected to lateral spreading

6.2.2 Analyses of Single Piles

In the analysis of single piles subjected to lateral spreading, the free-field soil movement profiles
as presented in Figure 6.5 were obtained from the measured soil displacement profile of a slope
inclinometer between the pile groups (denoted as S5 in Fig. 4.18). Based on these data,
simplified linear displacement profiles of the free-field soil movements were used for the
boundary condition at the end of soil springs with the largest displacements at the ground surface
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of 0.43 m for the first test and an additional 0.46 m from the second test, for a total of 0.89 m.
The movement at the top of the very dense gravel layer was assumed to be zero. Soil springs at
different depths were calculated based on standard p-y springs available in design practice. The
p-y curves for sand were developed based on Reese et al.’s (1974) recommendations, while the
p-y curves for clay were obtained based on Matlock’s (1970) recommendations. Though one
might anticipate a decrease in the shear strength of the clay layer due to the effect of blasting, the
cone test results conducted one day after the first test showed no change of shear strength in this
layer. The average undisturbed shear strength was therefore used in the analyses. Since the
maximum response of the piles due to lateral spreading occurred at the end of the test, where the
soil had already been liquefied, the p-y curves for liquefied soil were used for the saturated sand
layers. The details of p-y curves for liquefied sand used in this study are described below.

Y = 0.43 m for 1st Test
Yy, =0.89 m for 2™ Test Yo

O T j T \Z
| / ! M/W\):\/_/ Very/tiose Sand
2+ i ! — Liquefied Sand
| i 1" Pile Movement
4+ : . i
E i Free- Fielc:i | Verv Soft Cla
S 6f " [Soil Columin i y
o ! | Movement
a [ 2P 1 |
& : i :
8 Hp -4 -HMNW Liquefied Sand
l#Mee'lsurements from L VAYAVAYAVA Y
10 {Inclinometer S5 - AN —  Very Dense Gravel
[ 1st Test |
O 2nd Test
12 Il | I | I
0 02040608 1 p-y Soil Springs

Soil Displacement (m)

Fig. 6.5 p-y analysis model for single pile

Current research based on the results of full-scale lateral pile load tests in liquefied soil at
Treasure Island in the San Francisco Bay suggested that the p-y curves of liquefied soil with soil
relative density of 55% are concave due to soil dilation (Ashford and Rollins 2002). The

characteristics of p-y curves for liquefied soil, however, depend on the soil relative density
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(Wilson et al. 2000; Tokimatsu et al. 2001). Results from the centrifuge tests at the University of
California at Davis (Wilson et al. 2000) indicated that for the soil relative density of 40%, the p-y
curves are flat, inferring that the soil pressure of liquefied soil is negligible, while for the soil
relative density of 55% the p-y curves showed the dilation behavior as that obtained from the
full-scale lateral load test at Treasure Island (Ashford and Rollins 2002). The relative densities
at the Japan test site were slightly over 30% for the first 4-m of the sand layer and about 45% for
the second sand layer at depths between 7.5-8.5 m (see Fig. 2.3). As a result, the liquefied soil
layer at the Tokachi site should not provide any loading or resistance to the pile. Therefore, zero
soil spring stiffness was used for the liquefied soil layer (i.e., from depths 1-4 m and from 7.5—
8.5 m). Table 6.1 summarizes the soil properties and parameters of the soil springs used in this
study. Recommendations for passive pressure of liquefied sand using a p-multiplier of 0.1 to
reduce ultimate pressure obtained from Reese et al.’s sand p-y curves (e.g., Liu and Dobry 1995;

Wilson et al. 1999) were also used in this study for comparison.

Table 6.1 Summary of soil properties used in analyses of piles subjected to lateral

spreading
Depth
From To Y c ) K
(m) (m) Soil type (kN/m®)  (kN/m®  (deg.)  (kN/m°) €50
0.0 1.0 Very Loose Sand 7 - 29 5,400 -
1.0 4.0 Liquefied Sand 7 - 28 5,400 -
4.0 7.5 Very Soft Clay 7 15 - - 0.02
7.5 8.5 Liquefied Sand 9 - 32 16,300 -
8.5 12.0 Very Dense Gravel 11 - 45 34,000 -
Note: g/ = Effective soil unit weight

c = Soil cohesion

f = Soil friction angle

k = Subgrade reaction constant

€0 = Strain corresponding to one-half the maximum principal stress difference
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Varying tip conditions for the single piles at the Tokachi site allowed for both flexible
and rigid piles to be considered in the analyses. The single pile installed by the University of
California, San Diego (UCSD) was embedded about 3 m into the dense gravel layer (see Fig.
4.29) to ensure that it would behave as a flexible pile. The piles installed by Waseda University
(WU) were shorter in length and their pile tips were located just above the dense gravel layer.

As a result, their behavior was similar to that of a rigid pile.

6.2.3 Analyses of Pile Groups

Two special considerations incorporated into the analysis of the pile groups were the effect of
pile-head restraint at the pile cap and the effect of pile groups. The approach used to analyze the
behavior of the pile groups subjected to lateral spreading in this study was adopted from the
method proposed by Mokwa (1999). A summary of Mokwa’s method is presented below.

The piles in a group were modeled as an equivalent single pile with four times the
flexural stiffness of a single pile for the 4-pile group and nine times the flexural stiffness of a
single pile for the 9-pile group. Figure 6.6 shows a sample of the numerical model used for
analyzing the behavior of 4-pile group subjected lateral spreading. The p-multiplier approach
was used to reduce the soil stiffnesses for each pile in the group to account for group effects.
The reduced soil spring stiffnesses were then summed to develop the combined soil springs for
the pile groups. The soil pressure acting on the pile cap was modeled using a soil spring that
accounted for the width of the pile cap. In addition, the pile-head boundary condition of the
group-equivalent pile was determined by estimating the rotational restraint provided by the pile
cap using a rotational spring. Finally, the group-equivalent single pile, incorporating both the
effects of pile-head restraint and of pile group behavior was analyzed by specifying the free-field
soil profile at the boundary end of each soil spring. The input free-field soil movement profile

was the same as that used in the single piles. Details of these steps are described following.
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Fig. 6.6 p-y analysis model for pile group (after Mokwa 1999)

6.2.3.1 Pile Group Effect

The effect of the pile group was incorporated by using p-multiplier approach. The p-multipliers
were obtained from results of previous research on 9-pile groups (i.e., Brown and Reese 1985;
Morrison and Reese 1986; McVay et al. 1994; McVay et al. 1995; Rollins et al. 1998; Ashford
and Rollins 2002) as shown in Figure 6.7. The p-y curves for a group-equivalent single pile were
determined by summing the adjusted soil spring of each pile in the group as

N
=2Xp.f .
P=EZpS, 63)

where p; is the p-value for the single pile, f,; is the p-multiplier determined from Figure 6.7, and

N is the number of piles in the group.
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Fig. 6.7 Relationships between p-multiplier and pile spacing for each row in the group

(after Mokwa 1999)

For the pile spacing of 3.5D, the p-multipliers for the leading row, first trailing row, and
second trailing row were 0.78, 0.53, and 0.45, respectively. Based on equation (6.3), the p-values
for the equivalent pile representing the 4-pile group and the 9-pile group were 2.6 and 5.3 times

the p-value of a single pile, respectively.

6.2.3.2 Resistance of Pile Cap

The soil pressure acting on the pile caps was modeled by using the sand p-y curves (Reese et al.
1974), considering the pile cap width as the pile diameter. Prior to conducting the test, the pile
cap (1 m deep) was located in the very loose sand layer above the water table. It should be noted
that based on site observations, the top 1 m of soil became nearly saturated at the end of the test
due to the upward flow of water after the liquefaction occurred. The effective stress in this layer,
therefore, decreased as compared to dry soil. To incorporate this effect into the analysis, the
buoyant soil unit weight of saturated sand rather than the dry unit weight was implemented into

the analysis to estimate the soil springs for the pile cap.
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6.2.3.3 Rotational Soil Spring

Although a pile with a fixed-head condition is usually assumed in analysis of a pile group, in
reality some rotation of the pile cap often occurs in the pile group, mainly caused by the vertical
movement of the piles in the group, as presented in Figure 6.8 (Mokwa 1999; Mokwa and

Duncan 2003).

The rotational stiffness, k¢, of the pile group can be estimated as

M

"6 (6.4)
where M is the moment that resists rotation and &is the rotation of the pile head.

Assuming that the relationship between M and @ is linear up to the ultimate restraining
moment of the pile group, k¢ can be determined if the ultimate moment, M,;, and the ultimate
pile-head rotation, ¢, are known. The M, is a function of the resisting force of each pile and
the moment arm, X;, as

M, =20, +0:)X, (6.5)

where N is the number of piles in the group, Qy; is the ultimate skin resistance, O is the ultimate
end-bearing resistance, and X; is the moment arm. Qf is equal to zero for the upward pile.

The Q,; of the upward-moving pile can be directly estimated using the static pile theory
such as the o-method or B-method. In this study the o--method was used for cohesive soils and
the B-method was used for cohesionless soils. To determine M,y;, it is convenient to take the
moment of the pile undergoing downward movement. The soil parameters used and the
calculated skin resistance are summarized in Table 6.2. It was assumed that the uplift skin
resistance was the same as the compression skin resistance. The estimated skin friction was then
reduced by multiplying with the axial group efficiency to account for group effects in the vertical
direction. This group efficiency factor of 0.70 was used for the case of 3.5D spacing (Das 1995).

Based on Mokwa’s approach (Mokwa 1991), the ultimate angular rotation of the pile cap
can be determined from the geometry as presented in Figure 6.8. For a case of a skin friction pile
during the lateral loading, the front of the pile cap tends to move downward and the back upward.

The amount of rotation can be determined from the geometry as
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6 =tan™ (&)
S (6.6)

where S is the pile spacing and A, is the relative displacement between the soil and the pile

required to fully mobilize.
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Fig. 6.8 Conceptual model for estimating pile group rotational restraint: (a) pile-cap
rotational restraint model, (b) assumed linear relationship between m and 0, and
(c) schematic diagrams for estimating ultimate pile-cap rotation (after Mokwa

and Duncan 2003)

However, for a case of an end-bearing pile group which was applied for the Tokachi
experiments, the front piles do not move, while the trailing piles move upward. Therefore, the

angular rotation of the pile cap for this case can be determined from the geometry as
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Das (1995) suggested that the maximum frictional resistance along the pile would be
fully mobilized when the relative displacement between the soil and the pile is about 5 mm to 8

mm irrespective of pile size and length. For the purpose of calculating ¢g,;, the A,;; was assumed

A
0 = tan™' (—4
( < )

to be 8 mm for the piles in this study.

Based on the above equations, the rotational spring stiffnesses for the 4-pile group and

the 9-pile group can be determined as 16,500 kN-m/rad and 74,600 kN-m/rad, respectively.

Table 6.2 Summary of soil parameters and estimated ultimate pile skin resistance

Depth
From To c ¢ Qs
(m)  (m) Soil type (kN/m?)  (deg.) « K 5 (kN)
0 1.0 Very Loose - 29 - - - -
Sand
1.0 4.0 Liquefied Sand - - - - - -
4.0 7.5 Very Soft Clay 15 - 1.0 - - 52.5
7.5 8.5 Liquefied Sand - - - - - -
8.5 12.0  Very Dense - 45 - 0.29 225 24.0
Gravel

Note: Q, =ZacA, + XK, tan 34,

where O
a
Ay
K

’

g, =

®

Pile frictional resistance
Empirical adhesion factor
Pile surface area

Earth pressure coefficient = 1-sin¢

Effective vertical stress at the depth under consideration

Soil-pile friction angle = 0.5¢
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6.2.4 Results of Analyses

6.2.4.1 Single Piles

Figure 6.9 presents a comparison between computed and measured pile responses of the UCSD
single pile (i.e., flexible pile). When using zero spring stiffness for liquefied soil, the predicted
pile-head displacements (Fig. 6.9a), pile-head rotations (Fig. 6.9b), and moment profiles (Fig.
6.9¢c) were in good agreement with the pile responses measured from both tests. Using the p-
multiplier approach for the liquefied soil layer overestimated the pile response. Because the
behavior of liquefied soil at the test site could be well represented by using zero soil spring, only

this method was used to analyze the behavior of rigid piles and pile groups in subsequent

sections.
Pile Displacement (m) Pile Rotation (Degree) Pile Moment (kN-m) Soil Reaction (kN/m)
o 0 0.2‘0.4 06 08 1 0-4 -3 -2 -1 0 0 200 400 600 -400 -200 0 200 400
T ™ £ L ,re{ T 0 r T 0 T T T T
i /] N b | | 1y V. Lbose dand | g
| yield B 1
1 2 : 2 - 2 Liquefied =
\ L Sand
_ || \ |
_ 4 \ 4 )
g L
= —
£ 6 6 . .
[]
o
- 101 10 . =
M\.
L [ Gravel b
NN R S I R BV B I B I I B
(] Measured (1st Test)

O Measured (2nd Test)
Computed (zero resistance)-2nd Test
——  — Free-Field Soil -2nd Test

Computed (zero resistance)-1st Test
————— Computed (p-multipier)-1st Test
Free- Field Soil-1st Test

Fig. 6.9 Comparison between measured and computed pile responses for UCSD single

pile (flexible pile) first and second tests

Figure 6.9a shows that for the first 8 m, the free-field movement of the soil mass was
greater than the movement of the pile, which implies that the soil provided the driving force to
the pile, as is also shown by the positive soil reaction in Figure 6.9d except for the liquefied layer

where zero reaction was assumed. Negative soil resistance indicated that the soil mass moved
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less than the pile, and therefore the soil provided the resistance force to the pile as mostly
occurred in very dense gravel layer (Fig. 6.9d).

The lateral responses of the pile are dependent on the magnitude of free-field soil
displacement, increasing the free-field soil displacement results in higher maximum moment and
pile-head displacement. However, if the free-field soil movement is large enough to cause the
lateral soil pressures to be fully mobilized, the response of the pile will be independent of the
free-field soil movement. Analyses were conducted to determine the magnitude of surface
displacement required to cause the soil to reach their ultimate values. The pile stiffness was first
assumed to remain linear-elastic throughout the analyses. The analyses were done by gradually
increasing the ground surface displacement, while the soil displacement profile was assumed to
be linear. Figure 6.10a shows that once the ground surface displacements are larger than 1.4 m,
the laterally spreading soils reach their ultimate values, resulting in no change on the pile
responses. However, the analysis results indicate that the maximum moment in the pile is
greater than the actual yield moment; therefore, the pile will yield before the soils reach the
ultimate pressure, which was indeed observed from the pile moment data in the second test.
Additional analyses were then conducted using the actual nonlinear pile properties as shown in
Figure 4.6. Figure 6.10b shows the analysis results of a nonlinear pile which indicates that the
pile yields when the soil surface displacement reaches 0.65 m. Since the pile yielded, increasing
the ground displacement increases the pile-head displacement. The measured pile displacements
and maximum moments from both tests were also plotted in Figure 6.10b, indicating that the
prediction of pile response using the p-y analysis method did a good job on the single pile case.

Figure 6.11 presents the results of the analysis for the case of WU single piles (i.e., rigid
piles). Good agreement was obtained between the computed and measured pile responses. For
this case, the movements of the pile and the free-field soil were very similar, which indicates
rigid pile behavior. The displacements and rotations of the rigid piles were greater than the
flexible pile, since the bottom of the flexible pile was more restrained. Due to this restrained
behavior, the flexible pile underwent more bending which showed up as a greater bending
moment. The rigid piles moved as a whole and hence showed significantly less bending. The
soil pressure exerted on the pile for the rigid pile case was very small compared to the case of

flexible pile. Only small resisting forces in the dense gravel layer were observed.
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Fig. 6.10 Pile-head displacement and maximum moment vs. ground surface displacement

for UCSD single pile: (a) assume linear pile and (b) nonlinear pile
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Fig. 6.11 Comparison between measured and computed pile responses for WU single

piles (rigid piles) for first test

6.2.4.2 Pile Groups

Although the test results from the Tokachi experiments indicated that small rotations might occur
at the tops of the piles due to the cracking of the concrete around the embedded piles and the

elongation of the anchor bars, this effect was assumed to be small, especially for the first test (i.e.,
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the maximum negative moment at the piles top was lower than the ultimate moment capacity at
the connection). As a result, the rotations of the caps and the tops of the piles were assumed to be
identical. However, for the second test, this assumption might not be valid and the effect of the
difference in the rotations between the caps and the tops of the piles has to be taken into
consideration. Due to the limitation of the LPILE plus 4.0m program in modeling this effect, the
analyses were conducted only to predict the results from the first experiment.

Figure 6.12—6.13 present the results of the calculated and measured pile responses of the
4-pile group and the 9-pile group, respectively. The same set of baseline soil properties used in
the case of single piles was also used for analyzing the behavior of pile groups with the same
input free-field soil displacement profile. Three types of boundary conditions at the pile head
were considered in this study for the purpose of comparison; these include the free-head
condition, fixed-head condition, and the rotationally restrained pile-head boundary condition.
Neither the free-head nor fixed-head condition provided a reasonable estimate of the measured
pile behavior. The free-head case overestimated the maximum positive moment at depth, and
gave zero moment at the pile head, while the fixed-head case underpredicted the maximum
positive moment but overestimated the maximum negative moment. The deflections at the pile
head obtained from the fixed-head case were smaller than those measured by 51% for the 4-pile
group, and 49% for the 9-pile group. The free-head case overpredicted the pile-head deflection
by 53% and 60% for the 4-pile group and the 9-pile group, respectively.

The analysis results obtained using the rotationally restrained pile-head boundary
condition considerably improved the agreement between measured and computed responses for
both the 4-pile group and the 9-pile group as shown in Figures 6.12 and 6.13, respectively. The
computed pile moments were in a reasonable range of those moments measured from the test.
The errors between the computed and measured pile group displacements were less than 3% for
the 4-pile group and 13% for the 9-pile group. The pile-head rotation was somewhat
overestimated on the 9-pile group as shown in Fig. 6.13b, likely due to the difference in the
amount of rotation between the tops of the piles and the caps as discussed earlier. In summary,
the p-y method by incorporating the rotational spring at the pile head can be used to predict the
response of a pile group subjected to lateral spreading with reasonable accuracy if the free-field
soil displacement is known. For design purposes, both free-head and fixed-head cases should be

considered. By conducting the analyses on both cases, one can consider using the maximum
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positive moment obtained from the free-head case and the maximum negative moment obtained

from the fixed-head case for a conservative design.
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Fig. 6.12 Comparison between measured and computed pile responses for 4-pile group
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In a similar manner to the single piles, analyses were carried out to determine the
displacement necessary to develop the ultimate soil pressure on the pile groups.

Figure 6.14 shows that for both pile groups, once the ground surface movement is larger
than 1.0 m, no significant changes of pile-head displacement, as well as maximum bending
moments are anticipated. The maximum positive and negative moments are well below the yield
moment of 450 kN-m.; as a result, the piles should not yield even when undergoing large lateral
spreading. The largest movements of pile caps are limited at 0.26 m for the 4-pile group and
0.18 m for the 9-pile group. The negative moments are limited at 95 kN-m for the 4-pile group
and 105 kN-m for the 9-pile group. It should be noted that these analyses were carried out based
on the assumption that the ultimate moment capacity of the connection between the piles and the
pile cap was so large such that the rotations of the pile heads and the cap were identical
throughout the analyses. However, the analysis results indicate that after the ground surface
displacement reaches about 0.5 m, the maximum negative moment becomes greater than the
actual ultimate capacity of the connection (90 kN-m). This caused the yielding of the pile-cap
connection, which in turn resulted in a decrease of the overall stiffnesses of the pile groups.
Therefore, the movements and maximum positive moments of both pile groups measured in the

second test were larger than the calculated limit values as shown in Figure 6.14.
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displacement: (a) 4- pile group and ( b) 9-pile group
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6.2.5 Design Implications

The input free-field soil displacement profiles used in this study were based on test
measurements. However, in design situations, this free-field soil profile must be estimated.
Empirical procedures may be used to estimate surface free-field soil displacement due to lateral
spreading (e.g., Bardet et al. 2002; Youd et al. 2002). The soil movement profile for the laterally
spreading soil can then be obtained based on a linear distribution as was done in this study, or
another reasonable distribution such as a half-cosine curve (Finn and Thavaraj 2001). Pile
response due to lateral spreading can then be estimated using the p-y analysis method described
previously. The soil springs for liquefied sand may be neglected if the soil relative density is less
than 40%, as was the case in this study. For higher soil relative density, there is no consensus
among researchers on the appropriate method for developing p-y springs for liquefied soil. A p-
multiplier may be used to reduce the p-y spring stiffness and ultimate soil pressure obtained from
traditional methods. Multipliers between 0.1 and 0.35 have been recommended for liquefied
sand (e.g., Liu and Dobry 1995; Wilson et al. 1999). However, the modified p-y curves should
be used with caution, especially when the ground deformation is large. Back-calculated p-y
curves of liquefied sand based on the results from full-scale testing (Ashford and Rollins 2002)
or centrifuge testing (Wilson et al. 1999) show the dilation behavior at large soil displacement.
The soil pressure at large displacement can be significantly higher than that obtained from the p-
multiplier approach (Ashford and Rollins 2002), and this may lead to an unconservative design.
More physical tests are still needed at the relative density of greater than 40% in order to further
justify the use of appropriate soil springs for liquefied sand.

It should be noted that the method presented herein considers only kinematic loading
from laterally spreading soils without accounting for inertial loading from the foundation or
superstructure because this effect was assumed to be small in the full-scale tests. However, for
seismic design, the peak response due to a combination of both inertial and kinematic loads
during shaking may be higher than the response at the end of shaking due to kinematic loading
from lateral spreading alone. In any case, analyses should be conducted to determine the critical
design load case. In addition, because this method is a pseudo-static pushover analysis, it
provides only an approximate solution to the dynamic problem of lateral spreading. For

important structures, a more sophisticated analysis may be necessary for design purposes, such
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as a dynamic time history analysis or 3D FEM analysis using an appropriate soil constitutive

model.
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7 Summary and Conclusions

Two full-scale lateral spreading experiments using controlled blasting were conducted in the port
of Tokachi on Hokkaido Island, Japan, to assess the behavior of piles and pipelines subjected to
lateral spreading. The soil was very loose and highly susceptible to liquefaction. The test piles
included a single pile, a 4-pile group, and a 9-pile group. The pipelines included two transverse
pipelines (i.e., gas pipeline and electrical conduit) and one longitudinal gas pipeline. The piles
and pipelines were extensively instrumented with strain gages to measure the distribution of
bending moment during lateral spreading which allowed the back-calculation of the loading
condition and the assessment of damage and the performance of the piles. Other instrumentation,
including pore-pressure transducers, GPS units, and inclinometers, was also installed to measure
pore-pressure buildup and movements of the soils, piles, and pipelines during lateral spreading.

Based on the results, the following conclusions can be made:

e Controlled blasting successfully liquefied the soil and induced lateral spreading with
magnitudes of free-field soil displacements at the locations of the test piles of over 40 cm

for both tests.

e Back-calculated soil reactions of both the single pile and the pile groups indicated that
liquefied soil layer imparted insignificant force to the piles. The moment developed in
the piles was caused by the mobile soft clay layer, which imparted driving forces to the

piles, while the dense gravel layer provided resisting forces.

e Pile-head restraint in the pile group contributed resisting the moment induced by lateral
spreading, which resulted in the smaller maximum positive moment, as well as smaller

pile-head displacement when compared to the case of a single pile.

e The degree of fixity at pile tips had a major effect on the moments of individual piles in

the group. The larger the degree of fixity, the higher the developed moment in the pile.



e The single pile yielded at the end of the second test. Both the 4-pile and 9-pile groups
performed well during both tests. The piles in the group remained elastic. Little concrete
spalling was observed at the pile to pile-cap connection at the end of the second test,

indicating that some rotations between the piles to the pile caps might occur.

Based on the test results, a pushover analysis using the p-y method was assessed in order
to study the potential in implementing this method in predicting the behavior of piles subjected
to lateral spreading in design practice. Analyses were conducted by using a single set of baseline
soil properties to compute the responses of both the single piles and pile groups. Responses of
the single piles subjected to lateral spreading were determined by imposing the known free-field
soil movement profile measured during the test to the boundary condition of Winkler springs
along the piles. The soil springs used in this study were based upon standard p-y springs
currently used in design practice. No soil resistance was used for the liquefied soil layer. For the
case of pile groups, the piles in the groups were modeled as an equivalent single pile with four
times the flexural stiffness of a single pile for the 4-pile group and nine times the flexural
stiffness of a single pile for the 9-pile group. In addition, two special considerations were
required to incorporate into the model, which included modeling of pile-head restraint using the
rotational spring, and a decrease of soil spring stiffnesses to account for the group effect using
the p-multiplier approach. Then, the analyses for the case of the pile groups can be conducted in
a similar way as for the single pile case. Computed pile responses for each pile foundation were
compared to the measured responses obtained from the full-scale test.

Reasonably good agreement for all types of pile foundations considered in this study was
obtained between the computed and measured responses. The results provide justification for the
use of the p-y analysis method in piles subjected to lateral spreading problems. However, the
major limitation of p-y analysis method is that the analysis is pseudo-static and hence can
provide only an approximate solution to the dynamic problem of lateral spreading. Moreover,
the p-y method has limitations due to its empirical approach and inability to account for soil
shear. Hence, a comparison with more sophisticated analysis, which considers the inertia of the
piles and soil, and uses a proper constitutive relationship, is still needed in order to decisively
assess the applicability of the p-y method. The full-scale and/or physical model tests such as
centrifuge tests are also needed to further study the reliability of this method before

implementing into design practice.
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Appendix A: Summary of Soil Properties and
Boring Logs



Table A.1 Summary of soil properties for borehole No. 1 (after PARI 2002)

BH |Sample| Depth (m) |SPTN-| w, | Gs Soil Composition (%) Co | Co| LL| PL| PI'|] USCS Soil Description Qu
No. [From| To |Values| (%) Gravel Sand| Silt | Clay (kN/mZ)
Bor.1]1-1 0.65] 0.95 0/ 86.0(2.60| 0.0 | 26.9]|63.3| 9.8 61.4130.830.6 |MH SILT with sand
T1-1 0.70 | 1.50 -199.71 265 0.0 | 0.0 | 74.8]25.2 77.2]136.0|41.2|MH SILT 13.4
1-2 1.65] 1.95 12| 27.41 2.70| 0.1 | 93.2 6.7 SP-SM |Poorly graded SAND with silt
1-3 2651295 10| 35.9] 2.65| 0.1 | 91.3 8.6 SP-SM |Poorly graded SAND with silt
1-4 3.65] 3.95 3|33.0/ 265| 0.1 | 82.9 17.0 SM Silty SAND
1-5 465 4.95 1135.2|2.66| 0.1 | 81.7 18.3 SM Silty SAND
1-6 5.65] 5.95 0]159.4(266) 0.1 | 51.0 39.6| 9.3 SM Silty SAND
Table A.2 Summary of soil properties for borehole No. 2
BH |Sample| Depth (m) |SPTN-| w, | Gs Soil Composition (%) Co | Co| LL| PL| PI'|] USCS Soil Description Qu
No. | From]| To | Values| (%) Gravel Sand| Silt | Clay (kN/mZ)
Bor.2|2-1 0.65| 0.95 0| 48.4| 2.65| 0.0 71.9] 24.5| 3.6 SM Silty SAND
2-2 1.65| 1.95 0| 86.8| 2.63] 0.0] 14.3| 64.4| 21.3 65.6] 37.6] 28.0|MH SILT
2-3 2.65| 2.95 1] 34.1| 2.66] 0.0] 89.7 10.3 SP-SM |Poorly graded SAND with silt
2-4 3.50| 4.00 0| 54.5| 2.65| 0.0] 59.6] 31.1] 9.3 SM Silty SAND
2-5 4.50| 5.00 0] 70.3| 2.63] 0.0] 36.0| 52.3] 11.7 59.4| 31.4| 28.0|MH Sandy SILT
T2-1 5.00| 5.80 -| 9.9 2.72[ 0.0 1.8] 49.5] 48.7 54.1] 24.2] 29.9|CH Fat CLAY 23.9
2-6 5.50| 6.00 0| 66.6| 2.67| 0.0 3.6] 80.6] 15.8 72.8| 41.2] 31.6|MH SILT
2-7 6.65| 6.95 12| 80.8] 2.65] 0.0] 30.4| 67.5] 12.1 SM Silty SAND
Table A.3 Summary of soil properties for borehole No. 3
BH |Sample| Depth (m) |SPTN-| w, | Gs Soil Composition (%) Co | Co| LL| PL]| PI'|] USCS Soil Description qQu
No. [From| To |Values| (%) Gravel Sand| Silt | Clay (kN/mz)
Bor.3[T3-2 5.90| 6.70 -| 81.5] 2.66] 0.0 0.0] 52.1] 47.9 73.5] 29.6] 43.9|CH Fat CLAY 29.7

Note: w,, = Natural Water Content, G = Specific Gravity, C, = Coefficient of Uniformity, C. = Coefficient of Gradation, LL = Liquid Limit, PL = Plastic
Limit, Pl = Plastic Index, USCS = Unified Soil Classification System, q, = Unconfined Compressive Strength
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Table A.4 Summary of soil properties for borehole A-4 (after PARI 2002)

BH |Sample| Depth (m) |SPTN-| w, | Gs Soil Composition (%) Cuo | C| LL|]PL]|] PI'| USCS Soil Description
No. |From| To | Values| (%) Gravel Sand| Silt | Clay
A4 [P1 0.00] 0.20 -l 9.3| 2.67| 16.5] 76.7| 6.8/ 0.0] 3.8] 0.6/ NP| NP| NP|SP-SM [Poorly graded SAND w/ silt and gravel
P2-1 1.001 1.40 1] 33.6] 2.74] 0.0 64.8| 26.2| 9.0 37.9] 5.6/ NP| NP| NP|SM Silty SAND
P2-2 1.001 1.40 -| 63.4] 2.74] 0.0 21.0| 66.8] 12.2 - -| 45.0( 22.7] 22.3|CL Lean CLAY w/ sand
P3 2.00] 2.35 3] 21.5( 2.72| 0.0] 85.6] 12.3] 2.1 4.0] 2.2 NP| NP| NP|SM Silty SAND
P4 3.00] 3.30 3| 45.6| 2.68| 0.0 45.9| 44.1] 10.0] 47.6] 2.4| 45.1| 21.2| 23.9|CL Sandy CLAY
P5 4.00| 4.40 2| 40.3] 2.66| 0.0 57.9] 29.6] 12.5[111.3] 1.6| 38.9| 19.2] 19.7|SC Clayey SAND
P6-1 5.00] 5.35 2| 54.2| 2.73] 0.0 8.7 64.3] 27.0 - -| 48.7| 22.7| 26.0|CL Lean CLAY
P6-2 5.00] 5.35 -| 62.8| 2.71 0.0 1.6| 50.9] 47.5 - -| 60.2| 27.9] 32.3|CH Fat CLAY
P7-1 6.00] 6.30 28| 53.4| 2.69] 0.0 14.2| 65.8] 20.0 - -| 51.4| 22.0] 29.4|CH Fat CLAY
P7-2 6.00] 6.30 -1 27.1| 2.69] 0.0] 83.4| 12.8] 3.8] 7.8] 4.2 NP| NP| NP|SM Silty SAND
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Table A.5 Summary of soil properties for borehole A-5 (after PARI 2002)

BH |[Sample| Depth (m) [SPT N-| w, | Gs Soil Composition (%) C, | G| LL | PL] PI'| USCS Soil Description
No. |From|] To | Values| (%) Gravel Sand| Silt [ Clay
A-5 |P1 0.00| 0.20 -| 16.9] 2.67| 40.9] 57.5| 1.6 0.0] 42.1] 0.1] NP| NP| NPISW Well-graded SAND w/ gravel
P2 1.001 1.30 41 12.9| 2.66] 16.0|] 72.1| 7.9] 4.0 5.3 1.3] NP| NP| NP|SW-SM [Well-graded SAND w/ silt and gravel
P3 2.00| 2.40 1| 23.3| 2.69] 3.7| 86.8] 6.7| 2.8/ 21| 1.2] NP| NP| NP|SW-SM [Well-graded SAND w/ silt
P4 3.00| 3.46 1] 29.9] 2.70| 24.0| 56.9] 12.6] 6.5 29.3| 10.6/] NP| NP| NP|SM Silty SAND w/ gravel
P5 4.00| 4.45 0] 70.6| 2.65| 0.0 12.3| 70.7| 17.0 - -| 52.0] 24.9| 27.1|CH Fat CLAY
P6 5.00| 5.45 0] 71.9] 2.78] 0.0 18.9| 67.1| 14.0 - -| 54.3] 25.2| 29.2|CH Fat CLAY w/ sand
P7 6.00| 6.45 0] 80.8] 2.67| 0.0 7.0] 73.5] 19.5 - -| 65.1] 27.7| 37.4|CH Fat CLAY
P8 7.00| 7.35 1| 61.5] 2.66] 0.0] 8.6] 69.4] 22.0 - -| 47.8] 22.6| 25.2|CL Lean CLAY
P9 8.00| 8.30 10| 23.2( 2.73] 0.0 87.6/ 84| 4.0 49| 29| NP| NP| NP|SM Silty SAND
P10 9.00] 9.30 41| 24.4| 2.73] 16.5| 67.8| 10.9| 4.8] 30.2] 7.1] NP| NP| NP[SM Silty SAND w/ gravel
P11 10.00{10.30 33| 22.9( 2.66| 0.0 80.7] 13.3| 6.0 14.6] 6.8] NP| NP| NP[SM Silty SAND
P12 11.00{11.30 441 19.2] 2.74] 3.3] 77.6] 12.1| 7.0] 37.3] 12.1] NP| NP| NP[SM Sillty SAND

Note: w,, = Natural Water Content, G = Specific Gravity, C, = Coefficient of Uniformity, C. = Coefficient of Gradation, LL = Liquid Limit, PL = Plastic
Limit, Pl = Plastic Index, USCS = Unified Soil Classification System

Table A.6 Summary of Soil Properties for borehole B-1 (after PARI 2002)

BH |Sample| Depth (m) |SPT N-| w, | Gs Soil Composition (%) C, | C | LL]PL| PI|USCS Soil Description
No. |From| To | Values| (%) Gravel Sand| Silt | Clay
B-1 [P1 0.00| 0.20 -1 30.6| 2.70| 8.4| 73.0| 10.6] 8.0 43.2] 18.3] NP| NP| NP|SM Silty SAND
P2 1.00|] 1.30 5( 15.1] 2.74| 9.8 79.4| 8.3 25 3.8/ 1.1] NP| NP| NP|SW-SM |Well-graded SAND w/ silt
P3 2.00| 2.30 3] 26.8| 2.73| 1.2| 81.8] 12.5| 4.5 9.5 4.6 NP| NP| NP|SM Silty SAND
P4 3.00| 3.35 2| 25.7| 2.77| 69| 74.4| 14.1| 4.6| 12.7] 6.1 NP| NP| NP|SM Silty SAND
P5 4.00| 4.40 1| 56.0| 2.66( 0.0] 29.0f 57.9| 13.1 - -] 46.6| 24.6] 22.0|CL Lean CLAY w/ sand
P6 5.00| 5.45 11 71.3] 2.68| 0.0] 21.8| 65.0 13.2 - -] 57.5| 23.9] 33.6|CH Fat CLAY w/ sand
P7 6.00| 6.45 1| 65.4] 2.68| 3.9] 21.9| 64.0 10.2| 34.9] 4.1]| 57.5] 23.3| 34.3|CH Fat CLAY w/ sand
P8 7.00] 7.30 12] 29.6] 2.70] 3.7| 74.0) 15.3] 7.0] 24.7] 11.1] NP|] NP| NP[SM Silty SAND
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Table A.7 Summary of soil properties for borehole B-3 (after PARI 2002)

BH [Sample|] Depth (m) |SPT N-| w, | Gs Soil Composition (%) Co | G| LL|PL| PI'| USCS Soil Description
No. [From| To |Values| (%) Gravel Sand| Silt | Clay
B-3 |P1 0.00| 0.20 -1 18.0| 2.73| 29| 81.7| 11.4] 4.0 12.4] 5.8 NP| NP| NP|SM Silty SAND
P2 1.00| 1.30 5] 25.5| 2.70| 4.1] 77.9] 13.0| 5.0 10.2] 4.9 NP| NP| NP[SM Silty SAND
P3 2.00] 2.30 2| 284| 275 24| 78.3] 158| 3.5 7.4| 3.4 NP| NP| NP[SM Silty SAND
P4 3.00| 3.45 1| 28.6| 2.71| 0.0 77.2( 18.8] 4.0 13.0] 6.3] NP| NP| NP|SM Silty SAND
P5 4.00| 4.45 0] 31.2| 2.71| 0.0 77.2| 16.8| 6.0 21.9] 10.1] NP| NP| NP|SM Silty SAND
P6 5.00] 5.45 1| 49.8] 2.71] 0.0 44.8] 38.2 17.0 - -| 39.6] 19.4] 20.1|CL Sandy lean CLAY
P7 6.00] 6.30 2| 76.5| 2.70f 0.0] 3.6] 78.4| 18.0 - -| 66.5] 29.9| 36.6|CH Fat CLAY
P8 7.00| 7.30 11 64.7] 2.70 0.0 4.6| 54.4| 41.0 - -] 60.9| 27.3] 33.6|CH Fat CLAY
P9 8.00] 8.30 211 25.4] 2.72| 0.0] 82.4] 13.4] 4.2) 9.2 4.7] NP| NP| NP[SM Silty SAND

Note: w, = Natural Water Content, G = Specific Gravity, C, = Coefficient of Uniformity, C. = Coefficient of Gradation, LL = Liquid Limit, PL = Plastic
Limit, Pl = Plastic Index, USCS = Unified Soil Classification System

148



Table A.8 Summary of soil properties for borehole B-4 (after PARI 2002)

BH |Sample| Depth (m) |SPT N-| w, | Gs Soil Composition (%) Co | Co| LL| PL| PI [ USCS Soil Description
No. [From| To |Values| (%) Gravel Sand| Silt | Clay
B-4 |P1 0.00| 0.20 -1 20.0| 2.69| 8.0] 74.1| 13.9] 4.0 13.4] 55| NP| NP| NP|SM Silty SAND
P2 1.00] 1.35 2| 10.1| 2.67| 32.9| 55.6] 7.5 4.0 77.4] 0.3] NP| NP| NP|SW-SM |Well-graded SAND w/ silt and gravel
P3 2.00| 2.30 2| 49.7] 2.70] 0.0] 46.7| 45.3] 8.0 29.5] 1.5 NP| NP| NP|ML Sandy SILT
P4 3.00| 3.45 1| 43.3| 2.70( 17.6] 51.9 20.0| 10.5{109.3| 16.7] NP| NP| NP|SM Silty SAND w/ gravel
P5 4.00| 4.45 0] 31.8| 2.70| 0.0] 79.6| 14.4| 6.0 21.9] 10.4] NP| NP| NP|SM Silty SAND
P6 5.00] 5.30 1] 53.8] 2.69( 0.0] 41.8| 40.2| 18.0 - -| 46.7] 22.1| 24.6|CL Sandy lean CLAY
P7 6.00| 6.30 11 54.9] 2.70[( 0.0] 31.9| 52.1| 16.0 - -] 46.0| 21.5] 24.5|CL Sandy lean CLAY
P8-1 7.00| 7.20 11 69.0] 2.72( 0.0 1.2 50.8| 48.0 - -] 66.0| 30.0] 36.1|CH Fat CLAY
P8-2 7.20| 7.45 -1 32.8| 2.74] 0.0] 77.1| 16.9] 6.0 12.7] 6.3] NP| NP| NP|SM Silty SAND
P9 11.00{11.30 441 21.3] 2.72] 0.0] 76.6] 16.9] 6.5] 16.7] 8.1] NP| NP| NP|SM Silty SAND
Table A.9 Summary of soil properties for borehole C-1 (after PARI 2002)
BH |Sample| Depth (m) [SPT N-| w, [ Gs Soil Composition (%) C, | G| LL]PL| PI'| USCS Soil Description
No. | From| To | Values| (%) Gravel Sand| Silt | Clay
C-1 |P1 0.00] 0.20 -1 20.9] 2.68| 10.7] 79.9] 6.9 25| 22| 1.1 NP| NP| NP|SW-SM |Well-graded SAND w/ silt
P2 1.00] 1.30 8| 20.9| 2.68| 16.0] 71.5| 8.5| 4.0 6.6/ 2.2 NP| NP| NP|SM Silty SAND w/ gravel
P3 2.00| 2.30 0| 75.8| 2.75| 0.0] 24.5| 56.5| 19.0 - -] 61.2| 27.8] 33.4|CH Fat CLAY w/ sand
P4 3.00| 3.45 0| 84.4| 2.68| 0.0 4.4| 67.6| 28.0 - -] 78.8| 28.8| 50.0(CH Fat CLAY
P5 4.00| 4.45 0| 78.5| 2.67| 0.0] 7.6| 62.4| 30.0 - -] 66.3| 26.5] 39.9|CH Fat CLAY
P6 5.00| 5.45 1| 82.7] 2.67| 0.0 6.4 65.6] 28.0 - -1 71.7| 30.1] 41.6(CH Fat CLAY
P7 6.00| 6.45 0| 83.9] 2.72| 0.0] 11.9] 58.1| 30.0 - -| 68.2| 26.2| 42.0(CH Fat CLAY
P8 7.00] 7.10 13| 44.7] 2.67] 0.0] 76.5] 17.7] 5.8 22.5| 8.3] NP| NP| NP|SM Silty SAND

Note: w, = Natural Water Content, G = Specific Gravity, C, = Coefficient of Uniformity, C. = Coefficient of Gradation, LL = Liquid Limit, PL = Plastic
Limit, Pl = Plastic Index, USCS = Unified Soil Classification System
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Table A.10 Summary of soil properties for borehole D-1 (after PARI 2002)

BH |Sample| Depth (m) [SPT N-| w, [ Gs Soil Composition (%) C, | G| LL]PL| PI'| USCS Soil Description
No. | From| To | Values| (%) Gravel Sand| Silt | Clay
D-1 |P1 0.00] 0.20 -| 14.8| 2.72| 31.6] 61.7| 4.7 2.0 23.7] 0.1] NP| NP| NP|SW-SM |Well-graded SAND w/ silt and gravel
P2 1.00| 1.30 3| 15.3] 2.69| 9.3] 78.7] 7.5 45| 19.6] 0.7 NP| NP NP[SM Silty SAND
P3-1 2.00] 2.35 1 20.0] 2.65| 12.6] 74.4] 10.0{ 3.0 32.7] 0.9] NP| NP| NP|SM Silty SAND
P3-2 2.00] 2.35 -] 69.9] 2.64] 0.0] 8.4| 75.6] 16.0 - -| NP] NP| NP|ML SILT
P4 3.00] 3.45 11 27.9] 2.68| 0.0 76.1] 16.9] 7.0{ 41.0{ 18.7] NP| NP| NP|SM Silty SAND
P5 4.00| 4.40 2| 3111 2.76] 0.0] 79.5] 155 5.0 18.1| 8.6 NP| NP| NP[SM Silty SAND
P6 5.00] 5.40 2| 242| 2.68| 19.6] 64.4] 11.0| 5.0 16.9] 6.8] NP| NP| NP[SM Silty SAND w/ gravel
P7 6.00] 6.30 2| 30.4] 2.68] 2.7] 66.5] 17.8] 13.0 - -| 29.7] 20.0f 9.7|SC Clayey SAND
P8 7.00] 7.10 34| 37.1] 2.65] 0.0] 57.3] 36.7] 6.0] 25.2] 4.8] NP| NP| NP|SM Silty SAND

Note: w, = Natural Water Content, G = Specific Gravity, C, = Coefficient of Uniformity, C, = Coefficient of Gradation, LL = Liquid Limit, PL = Plastic
Limit, Pl = Plastic Index, USCS = Unified Soil Classification System
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Soil Boring Log

Project Number Boring Number A-4
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +1.890 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +1.490 m
Drilling Method and Equipment Rotary Wash Dirilling, TDC-1 Starting Date 9/20/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 9/20/2001
B San’)plt‘a Soil Description
— ~|__Descritption
| & 38 B ocrave H Claystone
E c |3 & ravel 3%
£ 2 %5}) [7] sand SPT N-Values Comments
[9) > = s £ .
ol &8 g % é_ é £ 7] sit
=2 ©
ol £ [8 2|5 o Clay 0 10 20 30 40 50 60
g o Loose, Dark Brown to Dark Gray, Silty SAND| : :
E— | |
F 1 1.00 : :
g | |
:_ 1.40 | |
E 2 2.00 :777L777
E +0.09 | 235 . I I
= 235 Very Soft, Dark Gray, Sandy CLAY (CL) | |
F 3 00 | |
E | |
= 3.30 | ‘
E 4 4.00 : :
- | |
F | |
:_ 4.40 | |
E 5 -3.11 | 5.00 | 5.00 | |
o Very Soft, Dark Gray, Lean to Fat CLAY : :
E— 5.35 (CL,CH) | I
E 6 | 421 | 610 [ 800 ‘ ‘
F . . | |
= 4 Medium Dense, Dark Gray, Silty SAND (SM) | |
— -4.41 6.30 6.30 | |
E 7 | |

Fig. A.1 Boring log of borehole A-4 (after PARI 2002)
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Soil Boring Log

Project Number Boring Number A-5
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +3.020 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +2.620 m
Drilling Method and Equipment Rotary Wash Drilling, TDC-1 Starting Date 8/24/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 8/25/2001
E Sa“?p'? Soil Description
| Elz3s Descritption
E|l 2|8 {:‘% Gravel Jiced Claystone
£ -,% 2 a Sand SPT N-Values Comments
gl |88 |2z (B o
w j [=%
ol ¢ |5 &8
5| 2183 5o Clay 0 10 20 30 40 50 60
E p1 [1---|Very Loose, Dark Brown, Well-Graded SAND with
— | Silt and Gravel to Silty SAND with Gravel (SW-
E 1 1.00 SM, SM)
E 4
E 1.30
E 2 2.00
E P3 0.8
:_ 240
E 3 3.00
E P4 0.7)
E 058 | 360 [5a5
= 4.00 Very Soft, Dark Gray, Fat CLAY with Sand
E Ps (CH) Q
E 4.45
E 5 5.00
E e e
:_ 5.45
E 6 6.00
E Q
E— 6.45
E 7 7.0
E 470 | 7.40 = 0.9
E ;zg “IMedium Dense, Dark Gray, Silty SAND (SM)
E 8 - 2
3 10
= 590 | 860 | 830
5_9 9.00 Dense, Dark Gray, Silty SAND (SM) “
E 9.30
E 10 10.00
E 33
:_ 10.30
E_ 1 11.00
E 44
E— 868 | 11.70 [ 1130
E 12| -898 | 12.00 Hard, Dark Gray, CLAY
E :::: Dense to Very Dense, Dark Gray, GRAVEL 41
E— :i:iﬁ: with Sand
E 13 ¥ iigi:
= atens 50/8
E e
5_ -10.78 | 13.80 SRS
:—14 Dark Brown, Weathered Claystone 50/19
§ 15
— -12.16 | 15.18 50/18
E 16

Fig. A.2 Boring log of borehole A-5 (after PARI 2002)
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Soil Boring Log

Project Number Boring Number B-1
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +2.710 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +2.410 m
Drilling Method and Equipment Rotary Wash Drilling, TDC-1 Starting Date 9/20/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 9/20/2001
E Samplg Soil Description
— ~—| _Descritption

—_ (S 2 0

E|l 213 é Gravel =2 Claystone

s | g2 3 Sand SPT N-Values Comments

o © = o

8z |22 3|28z Silt

wle 3l 5 |Etls
5l 218 23|5 o Clay 0 10 20 30 40 50 60

g py [----|Very Loose, Dark Brown, Silty SAND (SM) ; ;
— | |
E 1 1.00 : :
3 p2 | 5 | I
= 1.30 i | |
E 2 2.00 : :
E P3 3 I |
F 2.30 I |
E 3 3.00 : :
E pa | 1.7 | |
E 079 | 350 [535 | |
= 4 200 Very Soft, Dark Gray, Lean to Fat CLAY with | |
F S | |
E os Sand (CL, CH) 08l ‘ ‘
= — | |
= 4.40 | |
E 5 5.00 | |
3 P6 0.7% | |
— 5.45 | |
E 6 6.00 | |
: [~ o]
E 6.45 | |
E 7 | 42| 7.00 | 7.00 : ‘ !
3 259 | 730 P8 L% [Medium Dense, Dark Gray, Silty SAND (SM) | 12 ‘ !
: 7.30 | |
E 38 I |

Fig. A.3 Boring log of borehole B-1 (after PARI 2002)
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Soil Boring Log

Project Number Boring Number B-3
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +3.070 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +2.770 m
Drilling Method and Equipment Rotary Wash Drilling, TDC-1 Starting Date 9/21/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 9/21/2001
E Samplg Soil Description
— ~—| __Descritption
—_ (S 20
E|l 13 é Gravel Jiced Claystone
s | g2 3 Sand SPT N-Values Comments
S| 183 = ]os )
a &) 8 § % E‘é _g Silt
o1 & o
Gl 2182 5o Clay 0 10 20 30 40 50 60
g pq [----|Very Loose, Dark Brown, Silty SAND (SM)
E 1 1.00
3 I
== 1.30 i
5_2 2.00
E P3
:_ 2.3
E 3 3.00
F P4 |
5 345
E 4 4.00
§ 1.38 4.45 P5
5 4.45 Very Soft, Dark Gray, Lean to Fat CLAY (CL,
E 5 5.00 CH)
é I P6
— 5.45
E 6 6.00
E p7
== 6.30
E 7 7.00
E -4.23 7.30 P8
E 7.30 ‘{Medium Dense, Dark Gray, Silty SAND (SM)
5_8 8.00 o
E 5.23 8.30 P9
== 8.30
E o

Fig. A.4 Boring log of borehole B-3 (after PARI 2002)
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Soil Boring Log

Project Number Boring Number B-4
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +3.110 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +2.310 m
Drilling Method and Equipment Rotary Wash Drilling, TDC-1 Starting Date 8/26/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 8/28/2001
E D San;plg Soil Description

1 elzs escritption

E|l 2|8 {:% Gravel Jiced Claystone

£ -,% 2 a Sand SPT N-Values Comments

8 La% g2 T %g z Silt

8 2 E 3 g Clay 0 10 20 30 40 50 60
= o

E pq [----|Very Loose, Dark Brown, Silty Sand with Gravel
— | (SM)
E 1 1.00 ]
§ 1.51 1.60 1.35 "2 W
— +1.! .
§_2 2,00 Very Loose, Dark Gray, Silty Sand (SM)
E I P3 2
:_ 2.30
E 3 3.00
E P4 0.7)
E 345
E 4 4.00
E 134 | 445 P5 Q
E 4.4 Very Soft, Dark Gray, Lean to Fat CLAY (CL,
E 5 5.00 CH)
E P6 1
:_ 5.30
E 6 6.00
E I 1
= 6.30
E 7 409 | 720 P
E = ‘ s 0.7
3 4.59 | 7.70 | 7.45 7" |Very Loose , Dark Gray, Silty SAND (SM)
E 8 e Very Dense, Dark Gray, GRAVEL
- o
= e 50/6]
- iiiiiiii
— e
= e
F 9 Gl 50/
= !
= e
— iiiiiiii
= e
E 10 S
E 729 | 1040 VRS 50/3
E— -+ |Dense, Dark Gray, Silty SAND
E 11 11.00 ¢
3 Po 44
F— 859 | 11.70 | 1130
E 12 Dark Brown, Weathered Claystone
E 50/29
§ 13
= 50/20
§ 14
F— 50/19
§ 15
F— -12.05 | 15.16 50/16
E 16

Fig. A.5 Boring log of borehole B-4 (after PARI 2002)
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Soil Boring Log

Project Number Boring Number C-1
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +3.010 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +2.710 m
Drilling Method and Equipment Rotary Wash Drilling, TDC-1 Starting Date 8/31/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 8/31/2001
E Samplg Soil Description
— ~—| __Descritption
—_ (S 20
E|l 13 é Gravel Jiced Claystone
s | g2 3 Sand SPT N-Values Comments
S| 183 = ]os )
a &) 8 § % E‘é _g Silt
o1 & o
Gl 2182 5 Clay 0 10 20 30 40 50 60
by [ , Dark Brown, Silty SAND with gravel (SM) :
|
1 1.00 | ﬂ‘ 77777777777777777
P2 8
1.30
2 +1.01 | 2.00 | 2.00 .
Very Soft, Dark Gray, Fat CLAY (CH) G,

E— 230

E 3 3.00

3 P4
5 345

E 4 4.00

E P5
- 4.45

E 5 5.00

§ I P6
E— 545

E_6 | 6.00 |

3 P7
E— 379 | 680 [ 645

E 7 7.00

= 4.29 7.30 P8
= 7.30

E 8

E o

y “|Medium Dense, Dark Gray, Silty SAND (SM)

0.7

Fig. A.6 Boring log of borehole C-1 (after PARI 2002)
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Soil Boring Log

Project Number Boring Number D-1
UC San Diego Logger - Sheet 1 of 1
Project Performance of Lifelines subjected to Lateral Spreading Ground Elevation +3.09 m
Location Hiroo, Port of Tokachi, Japan Water Level Elevation +2.710 m
Drilling Method and Equipment Rotary Wash Drilling, TDC-1 Starting Date 8/31/2001
Drilling Contractor Tokyo Soil Research Co., Ltd. Finishing Date 8/31/2001
E Samplg Soil Description
— ~—| __Descritption
—_ (S 20
E|l 13 é Gravel Jiced Claystone
| (23 Sand SPT N-Values Comments
s 5|52
P ol 5 |o & ;
a ﬁ 2 § % E_fé £ Silt
o & o
5| 2182 5o Clay 0 10 20 30 40 50 60
E pq [----|Very Loose, Dark Brown, Silty SAND with gravel ; ;
— A (SM) | I
E 1 1.00 : :
3 I 3 | |
:_ 1.30 | |
= | |
:_2 +0.99 | 210 [ 200 5 S
E Very Soft, Dark Gray, SILT (ML) 0.9 ! !
— +0.49 2.60 2.3 4 | |
E 3 3.00 Very Loose, Dark Gray, Silty SAND (SM) : :
= | |
E | |
5 3.45 ‘ ‘
E 4 4.00 | |
= | |
= — | |
= | |
E 5 5.00 | |
= | |
= — | |
:_ 5.45 | |
E 6 6.00 | |
- | |
= | |
E 371 | 680 [ 845 b :
E 7 | 7.0 | “IDense, Dark Gray, Silty SAND (SM) ‘
E 4.21 7.30 .l |
E 7.30 |
F 8 !
— |
= |
— |
E 9 ‘

Fig. A.7 Boring log of borehole D-1 (after PARI 2002)
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Appendix B: Swedish Weight Sounding Test
Results



Depth (m)

Nsw (Half Turns/m)
0 100 200 300 400

Nsw (Half Turns/m)
0 100 200 300 400
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Fig. B.1 Results of Swedish weight sounding tests for B-1, B-4, B-6, and B-9 (after PARI 2002)
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Fig. B.2 Results of Swedish weight sounding tests for B-11, B-14, BC-1, and C-14 (after PARI 2002)
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Fig. B.3 Results of Swedish weight sounding tests for D-1, D-13, E-3, and E-6 (after PARI 2002)
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Fig. B.4 Results of Swedish weight sounding tests for E-9, E-14, F-12, and G-1 (after PARI 2002)
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Fig. B.5 Results of Swedish weight sounding tests for G-4, G-6, G-14, and H-8 (after PARI 2002)
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Fig. B.6 -Results of Swedish weight sounding tests for H-11, HI-2.5, I-12, and I-14 (after PARI 2002)
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Fig. B.7 Results of Swedish weight sounding tests for J-4, J-9, K-2.5, and I-14 (after PARI 2002)
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Fig. B.8 Results of Swedish weight sounding tests for L-4, L-6, L-9, and L-11 (after PARI 2002)
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Fig. B.9 Results of Swedish weight sounding tests for L-14, MN-2.5, N-7, and O-1 (after PARI 2002)
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Fig. B.10 Results of Swedish weight sounding tests for O-4, O-9, O-11, and O-11.5 (after PARI 2002)
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Fig. B.11 Results of Swedish weight sounding tests for O-14 (after PARI 2002)
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Appendix C: Sieve Analysis Results
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Fig. C.1 Grain-size distribution for boreholes (a) A-4 and (b) A-5 (after PARI 2002)
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Fig. C.2 Grain-size distribution for boreholes (a) B-1 and (b) B-3 (after PARI 2002)
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Fig. C.3 Grain-size distribution for boreholes (a) B-4 and (b) C-1 (after PARI 2002)
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Appendix D: Excess Pore-Water Pressure Data
(First Test)
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Fig. D.1 Excess pore-water pressure ratio time histories nearby single pile: (a) PPT-S-2m,

(b) PPT-S-4m, and (c) PPT-S-6m
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Fig. D.2 Excess pore-water pressure ratio time histories nearby 4-pile group: (a) PPT-4-

2m, (b) PPT-4-4m, and (c) PPT-4-6m
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Fig. D.3 Excess pore-water pressure ratio time histories nearby 9-pile group (front side):

(a) PPT-9F-2m, (b) PPT-9F-4m, and (c) PPT-9F-6m
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Fig. D.4 Excess pore-water pressure ratio time histories nearby 9-pile group (back side):

(a) PPT-9B-2m, (b) PPT-9B-4m, and; (c) PPT-9B-6m

184



150 T T T T | T
i a) PPT-AB-2m |
Depth 2.00 m
__100 —
X
S - Bad y
(14
50 — —
0 | | | | | | | | |
0 20 40 60 80 100
Time (s)
150 T T T T | T
i b) PPT-AB-4m |
Depth 4.00 m
_ 100 — — e -
X
= 4
(14
50 —
0 | | | | | | |
40 60 80 100
Time (s)
150 T T T | T | T
i c) PPT-AB-6m]|
Depth 6.00 m
__100 —
X
- 4
(14
50 —
0 | | | | | | | | |
0 20 40 60 80 100

Time (s)

Fig. D.5 Excess pore-water pressure ratio time histories between pipelines A and B:

(a) PPT-AB-2m, (b) PPT-AB-4m, and (¢) PPT-AB-6m
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Fig. D.6 Excess pore-water pressure ratio time histories nearby pipeline C: (a) PPT-C-

2m, (b) PPT-C-4m, and (c¢) PPT-C-6m
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Fig. D.7 Excess pore-water pressure ratio time histories: (a) PPT-W-1, (b) PPT-W-2, and
(c) PPT-W-3
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Fig. D.8 Excess pore-water pressure ratio time histories: (a) PPT-W-4, (b) PPT-W-5, and
(c) PPT-W-6
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Appendix E: GPS Data (First Test)
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Longitudinal (m)
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and (b) displacement path (after Turner 2002)
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Fig. E.2 Global positioning system data of unit 2A (first test): (a) displacement time
history, and (b) displacement path (after Turner 2002)
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Fig. E.3 Global positioning system data of unit 2C (first test): (a) displacement time

history, and (b) displacement path (after Turner 2002)
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Fig. E.4 Global positioning system data of unit 2D (first test): (a) displacement time

history, and (b) displacement path (after Turner 2002)
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Fig. E.5 Global positioning system data of unit 2E (first test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. E.6 Global positioning system data of unit 1 (first test): (a) displacement time history
and (b) displacement path (after Takahashi 2002)
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Fig. E.7 Global positioning system data of unit 2 (first test): (a) displacement time
history and (b) displacement path (after Takahashi 2002)
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Fig. E.8 Global positioning system data of unit 3 (first test): (a) displacement time
history and (b) displacement path (after Takahashi 2002)
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Fig. E.10 Global positioning system data of unit 5 (first test): (a) displacement time
history, and (b) displacement path (after Takahashi 2002)
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Fig. E.12 Global positioning system data of unit 7 (first test): (a) displacement time
history and (b) displacement path (after Takahashi 2002)
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Fig. E.13 Global positioning system data of unit 8 (first test): (a) displacement time
history and (b) displacement path (after Takahashi 2002)
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Appendix F: Inclinometer Data (First Test)
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Fig. F.1 Soil displacement from inclinometer Casing S2 (a) section view A-direction, (b)

section view B-direction, and (c) plan view
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Fig. F.3 Soil displacement from inclinometer Casing S4 (a) section view A-direction,

(b) section view B-direction, and (c) plan view
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Appendix G: Strain Gage Data (First Test)
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Fig. G.5 Time histories of strain along pile No. 8 of 4-pile group at front side

227



800 8B-1.8(z=154m) 800 8B-7.2(z=694m)

400 | 400
0 _______.W 0 :———w\—m
-400 -400 ,.
-800 [ -800 —
800 800
- 8-B-24(z=214m n _B- =
400 | ( ) 400 [ 8-B-7.8 (z =7.54 m)
oM 0 r
-400 -400
-800 [ -800 [ 4
800 8-B-30(z=274m) 800 |~
400 | 400 | 8-B-84(z=8.14m)
0~ Bad 0
-400 -400
-800 [ -800 [
800 = 8B-36(z=334m) 800 [
400 - N— 400 = 8-B-9.0(z=874m)
0 ~ v 0 — Bad
-400 = -400 —
-800 — -800 —
e~ - -
o 800 [~ 8-B-42(z=3%m) 800 [~
< 400 — 400 8-B-9.6(z=9.34m)
- 0 0o E
‘m 400 — -400 — .
S 800 [ -800 [~ T '
800 — 8-B-48(z=454m) 800 — 8-S-2.4-1(z=2.14m)
400 | Bad 400 |
-400 -400
-800 [~ -800 [
800 :_ 8-B-5.4(z=5.14m) 800 :— 8-S-24-2(z=214m)
400 | 400 | Bad
o F o ‘ 0r
-400 -400
-800 -800 —
800 — 8-B-6.0(z=574m) 800 [~ 8-S-2.4-3(z = 2.14m)
400 | 400 |
o} i | 0 Bad
-400 -400
-800 [ -800 [
800 8B-66(z=634m) 800 [~
400 | 400 |
0 - . 0 —
-400 - -400
-800 [— l 1 l 1 l ] | 1 | -800 = | ] | ] | ] | ] |
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig. G.6 Time histories of strain along pile No. 8 of 4-pile group at back side
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Fig. G.17 Time histories of strain along pile No. 6 of 9-pile group at front side
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Fig. G.18 Time histories of strain along pile No. 6 of 9-pile group at back side
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Fig. G.20 Time histories of strain along transverse pipeline A (top)
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Fig. G.21 Time histories of strain along transverse pipeline B (side)
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Fig. G.25 Time histories of strain along longitudinal pipeline C (bottom)
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Appendix H: Excess Pore-Water Pressure Data
(Second Test)
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Fig. H.1 Excess pore-water pressure ratio time histories nearby single pile (second test):

(a) PPT-S-2m, (b) PPT-S-4m, and (c) PPT-S-6m
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Fig. H.2 Excess pore-water pressure ratio time histories nearby 4-pile group (second

test): (a) PPT-4-2m, (b) PPT-4-4m, and (c) PPT-4-6m
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Fig. H.3 Excess pore-water pressure ratio time histories nearby 9-pile group, front side

(second test), (a) PPT-9F-2m, (b) PPT-9F-4m, and (c) PPT-9F-6m
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Fig. H.4 Excess pore-water pressure ratio time histories nearby 9-pile group, back side

(second test): (a) PPT-9B-2m, (b) PPT-9B-4m, and (c) PPT-9B-6m
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Fig. H.5 Excess pore-water pressure ratio time histories nearby transverse pipelines
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Appendix I: GPS Data (Second Test)
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Fig. I.1 Global positioning system data of unit 1A (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.2 Global positioning system data of unit 1B (second test): (a) displacement time

history and (b) displacement path (after Turner 2002)
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Fig. 1.3 Global positioning system data of unit 1C (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.4 Global positioning system data of unit 1D (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.5 Global positioning system data of unit 1E (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.6 Global positioning system data of unit 2A (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)

264



060 T | T | T T | T | T
E - Longitudinal GPS-2B (2nd Test) N
- Transverse
q:, 0.40 Vertical ]
€
o L i
S
o 020 - -
L
(] = 4
S
s 0.00 m
8
)
& L i
-0.20 L l L l L l L l L l L
0 10 20 30 40 50 60
Time (sec)
(a) Displacement Time-History
0.30 T T T | T
i Downstream
0.20 — I
E o010 -
o B i
» Initial Position
o 0.00
2 I %/% |
c
® -010 -
| | -
-0.20 — -
-0.30 L l L l L l L ]
-0.20 0.00 0.20 0.40 0.60

Longitudinal (m)

(b) Displacement Path

Fig. .7 Global positioning system data of unit 2B (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.8 Global positioning system data of unit 2C (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.9 Global positioning system data of unit 2D (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Fig. 1.10 Global positioning system data of unit 2E (second test): (a) displacement time
history and (b) displacement path (after Turner 2002)
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Appendix J: Inclinometer Data (Second Test)
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Fig. J.1 Soil displacement from inclinometer Casing S2 for second test: (a) section view

A-direction, (b) section view B-direction, and (c) plan view
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Fig. J.2 Soil displacement from inclinometer Casing S3 for second test: (a) section view

A-direction, (b) section view B-direction, and (c¢) plan view
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Fig. J.3 Soil displacement from inclinometer Casing S4 for second test: (a) section view

A-direction, (b) section view B-direction, and (c) plan view
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Fig. J.4 Soil displacement from inclinometer Casing S5 for second test: (a) section view

A-direction, (b) section view B-direction, (¢) plan view
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Fig. J.5 Soil displacement from inclinometer Casing S6 for second test: (a) section view

A-direction, (b) section view B-direction, (¢) plan view
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Fig. J.6 Soil displacement from inclinometer Casing S7 for second test: (a) section view

A-direction, (b) section view B-direction, (¢) plan view
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Fig. J.7 Soil displacement from inclinometer Casing S8 for second test: (a) section view

A-direction, (b) section view B-direction, and (c¢) plan view
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Fig. J.8 Soil displacement from inclinometer Casing S9 for second test: (a) section view
A-direction, (b) section view B-direction, and (c) plan view
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Fig. J.9 Soil displacement from inclinometer Casing S10 for second test: (a) section view
A-direction, (b) section view B-direction, and (c) plan view
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Appendix K: Strain Gage Data (Second Test)
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Fig. K.1 Time histories of strain along single pile (No. 9) at front side, second test
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Fig. K.2 Time histories of strain along single pile (No. 9) at back side, second test
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Fig. K.3 Time histories of strain along pile No. 7 of 4-pile group at front side, second test

7-F-12(z=147m)

i

7-F-18(z=207m)

=

7-F-24(z=267m)

7-F-3.0(z=327m)

7-F-36(z=3.87m)

7-F-42(z= 447 m)

7-F-48(z=507m)

7-F-54(z=567m)

7-F-6.0(z=6.27m)

o
N
o
IS
o

60 80
Time (s)

100

285

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

7-F-6.6 (z=6.87m)

7-F-7.2 (z=7.47 m)

7-F-7.8(z = 8.07m)

7-E-84(z=867m)

7-F-9.0 (z= 9.27 m)

7-F-96(z=9.87m)

Doy bbb

7-S-0-1(z = 1.00m)

1?

F

7-S-0-2(z = 1.00m)

7-S-0-3 (z = 1.00 m)

o
N
o
IS
o



800
400

-400
-800
800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

Strain (x10)
o

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

800
400

-400
-800

Fig. K.4 Time histories of strain along pile No. 7 of 4-pile group at back side, second test
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Fig. K.5 Time histories of strain along pile No. 8 of 4-pile group at front side, second test
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Fig. K.6 Time histories of strain along pile No. 8 of 4-pile group at back side, second test
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Fig. K.7 Time histories of strain along pile No. 1 of 9-pile group at front side, second test

289



800 1-B-1.2(z=152m) 800 1-B-6.6 (z = 6.92m)

400 | 400 [
0 ™ 0 ‘_F——wwMH(‘
-400 | Bad -400 | v
800 [ 800 [
800 1-B-18(z=212m) 800 [~
e 400 1-B-72 (z=7.52 m)
0 n}-—ﬂww B o
-400 — -400 |
800 — -800 |
800 — 1-B-24(z=272m) 800 =
408 - Bad 408 o 1-B-7.8(z = 8.12m)
-400 | -400 [
800 [ 800 [
800 1-B-30(z=332m) 800 [~
400 = 400 = 1-B-84 (z=8.72m)
-400 — -400 |
800 | 800 [
e - -
o 800 I~ 1-B-36(z=392m) 800 [
w400 — 400
c of Bad 0 P 1-B-9.0(z=9.32m)
T 400 [ 400
s 800 - -800 |
800 — 1-B-42(z=452m) 800 [— Bad
400 — 400 — a 1-B-9.6 (z=9.92m)
) — Bad o
-400 [ 400
800 [~ 800 |-
800 [ 1-B-48(z=5.12m) 800 | 1-8-2.4-1(z=2.72m)
400 400
0 0 | —
-400 - 400 [
800 [~ 800 |-
800 |- 1-8-54(z=572m) 800 |- 1-8-24-2(z=272m)
400 £ 400 [
0 0 Bad
-400 I~ -400 |
800 |- 800 [
800 [~ 1-B-60(z=632m) 800 1-8-2.4-3 (z = 2.72m)
400 £ 400 [
0 y—mw‘w 0 ™ ~
-400 I~ -400 |
800 ., | , ! v ! v 1 v | 800, | ; | 4 | 4 | 4 |
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig. K.8 Time histories of strain along pile No. 1 of 9-pile group at back side, second test
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Fig. K.9 Time histories of strain along pile No. 2 of 9-pile group at front side, second test
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Fig. K.10 Time histories of strain along pile No. 2 of 9-pile group at back side, second test
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Fig. K.11 Time histories of strain along pile No. 3 of 9-pile group at front side, second test
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Fig. K.13 Time histories of strain along pile No. 6 of 9-pile group at front side, second test
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