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Abstract: 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. Test specimens were extensively
instrumented with strain gauges to measure the distribution of moment during lateral spreading. This allowed us to compute
the loading condition, as well as to conduct damage and performance assessments on the piles and pipelines. This paper presents
the test results and discussions on the response of single piles and pipelines observed from the full-scale experiments. Based
on the test results, it can be concluded that using controlled blasting successfully liquefied the soil, and subsequently induced
lateral spreading. The movements of the single pile, as well as the transverse pipelines, were approximately the same as the
free field soil movement. Observed moment distribution of the single pile indicated that global translation of the liquefied soil
layer provided insignificant force to the pile. In addition, the degree of fixity at the pile tip significantly affected the moment
along the pile as well as the pile head displacement. The pile with a higher degree of fixity at the pile tip had smaller pile head
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displacement but larger maximum moment.
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1 Introduction

In past earthquakes, lateral spreading has caused
considerable damage to civil infrastructure including
port facilities, buildings, bridges, and utilities.
Examples of damage to deep foundations and lifeline
utilities due to liquefaction-induced lateral spreading
are the foundation piles of the Yachiyo and Showa
bridges and NFCH building during the 1964 Niigata
earthquake (Hamada, 1992a); the railway bridge
foundations during the 1991 Limon earthquake (Youd
et al., 1992); the batter piles supporting the 7™ Street
Terminal Wharf in the 1989 Loma Prieta earthquake
(Benuzca 1990); and the damage to numerous water
and gas lines in the 1906 San Francisco earthquake
(Bartlett and Youd, 1992). Therefore, it is extremely
essential to understand the behavior of soil as well as
lifeline utilities during lateral spreading in order to
improve current design methods and prevent
catastrophic  failure during future earthquakes.
Meanwhile, most liquefaction and lateral spreading
research to date has focused on small-scale centrifuge
studies (Abdoun et al., 1996; Ramos et al., 2000;
Wilson et al., 2000; Dobry and Abdoun 2001), limited
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area 1-g shake table tests (Tokida et al., 1993; Hamada,
2000; Meneses et al., 2002), or case histories (Hamada
and O’Rourke, 1992b; O’Rourke, 1996). In addition,
some full-scale testing has been carried out to study
the behavior of deep foundations in sand liquefied by
controlled blasting (Ashford et al., 2000), but these
tests do not account for global translations of the
lateral spreading soil mass.

In light of this, full-scale instrumented lifeline
components in controlled lateral spreading tests were
carried out in the Port of Tokachi on Hokkaido Island,
Japan in order to understand the behavior of lifelines
and be able to implement the test results in
engineering practice.  The test results will be a
valuable source of data for further development of the
empirical methods and/or complex numerical models
to use to design lifeline facilities subjected to lateral
spreading.

This research project was a joint collaboration
between the University of California, San Diego
(UCSD) and several Japanese organizations. The
overall research effort was led by the Port and Airport
Research Institute (PARI). UCSD, together with
Waseda University (WU), collaborated with other
Japanese researchers to install the lifeline specimens in
the zone of lateral spreading through the PEER
Lifelines Program with support from the California
Department of Transportation (Caltrans), Pacific Gas
& Electric, and the California Energy Commission. In
all, UCSD installed six test specimens. The npile
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specimens in the experimental program consisted of a
single pile, a four-pile group, and a nine-pile group.
The pipeline specimens included two natural gas
pipelines and one electrical conduit. In addition, three
single piles were also installed in the area by WU.
This paper presents test results and discussion focused
on the behavior of single piles and pipelines subjected
to lateral spreading.

2 Site characterization

The test site was recent man-made land that was
completed just a few years ago as a part of an
expansion of the Tokachi port capacity. The land was
built by hydraulically placing fill without any ground
improvement; therefore, the soil was very loose and
highly susceptible to liquefaction.
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Fig. 1 Typical soil profile of test site

A subsurface soil exploration program was carried
out in many areas throughout the test site to
characterize the soil condition. Figure 1 presents a
typical soil profile of the test site based on the soil
boring investigation.  Generally, the soil condition
consisted of 7.5 m of hydraulic fill underlain by a 1 m
of medium dense sand layer overlying a very dense
gravel layer. The water table was approximately 1 m
below the ground surface. According to the Unified
Soil Classification System: ASTM D2487-93 (ASTM
1998), the hydraulic fill consisted of a 4 m layer of
very loose to loose silty sand (SM) with the corrected
SPT-N values, (Ni)so, ranging from 1 to 12. The
SPT N-values were corrected based upon hammer type
and release system, sampler configuration, short rod
lengths, and overburden stresses.  This was underlain
by a 3.5 m layer of very soft lean to fat clay with sand
(CL and CH). Since this layer was cohesive soil, the
effect of overburden stresses was not incorporated into
the correction. The corrected SPT blow counts in
this layer ranged from 0 to 2 blows per foot. In
addition to the Standard Penetration Tests, Swedish
weight sounding and shear wave velocity tests were
conducted. The results of these tests are also shown

in Fig. 1. The results of Swedish weight sounding
methods were converted to the SPT N-values using the
correlation based on Japanese Industrial Standard: JIS
A 1221-1995 (Japanese, 1995), which yielded a good
agreement with the measured SPT N-values. Shear
wave velocity of less than 100 m/s for the hydraulic
fill layer also supports that the strength of the soil in
this layer was very low.

Fig. 2 presents the grain size distribution of the
hydraulic fill plotted together with the Japanese
standard curves for liquefaction potential evaluation
(Port and Harbor Research Institute, 1997).
Generally, the fines content gradually increased with
depth. The first 4 m of the soil fell into a zone highly
susceptible to liquefaction while below this layer, the
liquefaction potential was less, due to the greater
amount of fine contents.  Only a thin layer of soil at
depths between 7.0 and 7.5 m fell outside the
liquefaction curves, indicating that this layer was not
liquefiable.  Based on the results of grain size
analysis and the strength characteristic, the first 7 m
layer of soil at the test site was susceptible to
liquefaction, and therefore appropriate for conducting
the full-scale lateral spreading test.
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Fig.2  Grain size distribution of soil at test site

3 Site description and test setup

Two full-scale tests were carried out to study the
behavior of piles and pipelines subjected to lateral
spreading. The UCSD experiments were located in a
zone of the test area where large global translation of
the soil was expected. The following sections describe
the details of the test site, test set up, and test
specimens.

3.1 First Lateral Spreading Experiment

A layout of the test site for the first test is shown in
Fig. 3. The test site was approximately 25 m wide by
100 m long. The front end was bordered by a
waterway. The water elevation was approximately
+2.00 m on the test day. The sheet pile quay wall was
driven to the elevation of -8.00 m and was anchored
by a series of tied rods which were fixed to H-piles to
prevent movement of quay wall. The ground surface
was at the elevation of +3.00 m at the quay wall and
started to gently slope upwards at 25.2 m away from
the quay wall with a slope of 4%. The test site was
surrounded by sheet piles to tip elevations between
-5.00 m and -8.00 m.

The UCSD single pile was located 19.0 m away
from the quay wall. The pile diameter was 318 mm
with a wall thickness of 10.5 mm, a nominal length of
11.5 m, and the yield strength of 400 MPa. Three
similar free-head single piles were installed in the area
by Waseda University (WU). The cross sections of
the WU piles were the same as that of the UCSD pile,
but the degree of fixity at the pile tip was different.
The UCSD pile was driven full length into the ground
corresponding to approximately 3.0 to 35 m
penetration into the dense soils to obtain the fixity at
the pile tips. This was to ensure that the movement
of the soil due to lateral spreading could produce
bending moments along the pile and hence allow
quantifying the distribution of the soil pressure acting

on the pile from strain gauge data. Conversely, the
WU piles were driven into the ground to depths
approximately 7.5 m to 8 m below the surface with
their tips sitting just above the dense soils. The degree
of fixity of these piles at the tips was therefore
negligible.

In addition to pile specimens, pipelines oriented in
transverse and longitudinal directions were installed.
The objective of the test for transverse pipelines was
to assess the pipeline performance subjected to
bending due to the 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 pipelines in this study included two
natural gas pipelines and one electrical conduit. The
gas pipeline consisted of a 500 mm diameter pipe with
wall thickness of 6 mm and yield strength of 400 MPa.
The electrical conduit consisted of a 268 mm diameter
with wall thickness of 6 mm and yield strength of 400
MPa. Both pipelines were about 25 m long and located
across the test sites at 30 m and 32.2 m away from the
quay wall.The bottoms of both pipelines were installed
at an elevation of +1.75 m. The other gas pipeline
was 22 m long and installed parallel to the direction of
the flow. The center of the pipeline was 1 m below the
ground surface along its entire length. The transverse
pipelines were installed by first excavating the ground
and setting them on the compacted layer of fill
material 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 of the pipeline. Subsequently, the
sand was backfilled with multiple compacted layers in
accordance with Japanese Gas Association specifi-
cations to achieve a compact dry unit weight of 90%
of the maximum dry unit weight determined in the
laboratory using the standard Proctor test ASTM
D-698 (ASTM, 1998). The longitudinal gas pipeline
was installed in the same way as the transverse
pipelines but only one end was anchored to the sheet
pile as shown in Fig.3.

Due to the success in using controlled blasting to
induce soil liquefaction for the full-scale lateral load
tests at Treasure Island (Ashford et al., 2000), as well
as the liquefaction testing at a saturated loess site in
China (Wang et al., 2002), the same technique was
implemented at the test site to liquefy the soil, and
thus induce lateral spreading. The blast holes were
spaced at 6.0 m on center in the square grid pattern.
The charges were installed at depths of 3.5 m and 7.5
m below the design ground surface (EL +3.00 m).
The amount of charges varied from 2 kg nearby the
pile specimens to 3 to 5 kg at other areas. The charge
was reduced near the pile specimens to prevent
damage to a large number of instruments installed in
the vicinity. The sequence of the primary blasting
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started from the southwest corner of the embankment
as denoted by blast hole B1, and then proceeded to the
next hole to the north, and continued successively to
the next rows towards the quay wall (from B1 to B45)
as illustrated in Fig. 3. The blasting interval between

two adjacent boreholes was approximately 0.7 seconds.

Following the primary blasting was the detonation of
secondary blast holes around the perimeter of the test
site with a time interval between each blast hole of 1
second. The purpose of these explosives was to loosen
the soil in the vicinity of the sheet pile to allow
unrestricted flow of soil in these regions.
Approximately 20 seconds after the completion of the
secondary blasting, additional explosives were used to
break the tied rods of the quay wall, which allowed the
quay wall to move freely to create additional
movement of the soil within the test area.

3.2 Second Lateral Spreading Experiment

The second lateral spreading test was carried out
with the same test specimens and instrumentation still
in place. The test was performed with an attempt to
induce additional ground deformations and further
evaluate the performance of the piles and pipelines
subjected to a higher level of soil deformation. The
test site for the second lateral spreading test was
significantly modified from the first one as presented
in Fig. 4. The test site was approximately 30 m wide
by 40 m long. The quay wall and sheet piles
surrounding the test site were removed to allow the
soil to move freely. The waterway was excavated on
one end of the test site to an elevation of -1.00 m with
a slope of 2:1. However, it was observed that the
actual slope was steeper than the design drawing with
a slope of approximately 1:1.  The water was then
filled to an elevation of +2.00 m but the actual ground
water table during the second test observed from the
soil excavation adjacent to the test area was
approximately at an elevation of +1.00 m. The
ground surface was level for a distance of 7.5 m away
from the edge of the waterway and then started to rise
up with the embankment slope of 6% over a distance
of 18.0 m.

Most blast holes were spaced at 6.0 m on center in
a square grid pattern. Charges were installed at
depths of 4.0 m and 8.0 m below the design ground
surface (EI +3.00 m). The size of charge varied from
2 kg to 4 kg. Two additional rows of blast holes were
drilled. One was located on the steep slope adjacent
to the waterway with the charge sizes ranging from 1
to 3 kg. The purpose of these explosives was to loosen
the soil at the slope toe prior to the primary blasting
sequence to increase the potential for down slope
movements. The others were located between the
pipelines and piles as denoted as blast holes No. 7 to
No. 9 where 3 kg of explosives were installed at El.
-3.00 m. The explosives on the steep slopes (S1 to
S5) were detonated first. Approximately 15 second

later, the primary sequence of the blasting was started.
The primary blast began at blast hole No.1 on the rear
of the embankment and proceeded sequentially to
No.17.

The weather for the second lateral spreading
experiment was quite poor, with heavy snowfall of
about 0.50 m and wind speeds of 100 kph on the test
day. The ground was frozen down to a depth of
approximately 0.20 cm to 0.30 cm below the ground
surface at the test site which would likely impede the
global translation of the soil mass. In an attempt to
mitigate this, jackhammers were used to break up the
frozen ground in the vicinity of the test specimens.

4 Instrumentation

Piles and pipelines were extensively instrumented
with electrical strain gauges. The strain gauges of pile
specimens were located at 0.6 m intervals on both
upstream and downstream sides of the piles to
measure the bending moment along the length of the
pile. Steel channels C 75 mm x 6.92 kg/m with yield
strengths of 400 MPa were welded to the steel pipe
piles to protect the strain gauges from damage during
the pile installation. The strain gauges of the
pipelines were spaced between 1.0 m and 3.0 m along
the top and the side of the pipelines to measure the
bending moment due to both horizontal and vertical
movement, respectively.

In addition to the strain gauges, other
instrumentation was installed to capture the behavior
of soil and piles in more detail. These included pore
pressure transducers at several depths, string-activated
linear potentiometers, accelerometers, tiltmeters, slope
inclinometer casings, and Global Positioning System
(GPS) units. Layout of instrumentation for the first
experiment is presented in Fig. 5. The instrumentation
for the second experiment was essentially the same as
the first test; therefore, it is not shown in this paper.

5  Test results
5.1 Excess Pore Water Pressure

Sand boils forming at the ground surface (Fig. 6)
provided qualitative evidence that the ground had
indeed liquefied as a result of the blasting. However,
we relied on the array of pore pressure transducers to
provide the quantitative record of blast effect on the
pore-pressure.

Typical examples of the observed excess pore
pressure time-histories at different locations and
multiple depths are presented in Fig.7.  These
transducers were located near the single Dpile,
transverse pipelines, and longitudinal gas pipeline.
The excess pore water pressure increased as the depth
increased. The time required for the excess pore
water pressure to reach its maximum value depended

\ol.1
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The results show that most of the soil in the vicinity of (b) transverse pipelines; (c) longitudinal pipeline
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the single pile and pipelines was liquefied as indicated
by the maximum R, exceeding 100%. The ratio was
dropped below 100% at the end of primary blasting
and proceeded to dissipate with time. Though some
transducers show that the excess pore water pressure
ratios were slightly above 100% at the end of the
blasting, this may be due to: 1) some error in
estimating the soil unit weight and depth of water table,
or 2) some of the transducers might have moved
downward during and after the blasting, resulting in an
increase of R,. In summary, R, in the region of the
pile and pipeline specimens at the end of the primary
blasting ranged from 65% to slightly over 100%.
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The R, in the second test appeared to be
significantly less than those measured during the first
test with values at the end of the blast ranging between
30% and 80%. Though some water was coming out
from the blast hole after the blast stopped, no sand

boils were observed in the second test. The lower R,
measured in the second test was because the soil was
less susceptible to liquefaction for two reasons.  First,
the soil in the second test was denser because some
settlement after liquefaction in the first test took place
with the magnitude approximately 20 cm to 60 cm.
Second, the ground water table in the second test was
lower than that observed in the first test.

5.2 Deformations of Ground and Lifelines

GPS units were used to monitor the movements of
both ground and test specimens during lateral
spreading. The measurements in the vicinity of piles
and transverse pipeline specimens were conducted by
a research team from Caltrans (Turner, 2002), while
those in the embankment area were carried out by WU
(Takahashi, 2002b)

A typical example of time history of soil
movements down slope of the transverse pipelines
(denoted as unit 1C as shown Figure 5) in longitudinal,
transverse, and vertical directions is presented in
Fig.9a, together with the response of R, in the same
vicinity. The movements of GPS units were observed
about 10 seconds after blasting initiated. As the
blasting moved closer to the GPS location, more
movements in all directions were observed. The
lateral movements between 10 seconds and 27 seconds
were due to not only the liquefaction-induced lateral
spreading but also the dynamic forces generated by the
blasting. With the blasting past the location of GPS
units (at about 27 seconds), the effect of dynamic
forces from the blasting was not important as indicated
by the insignificant movements in transverse and
vertical directions. The longitudinal movement
observed 27 seconds after the soil was liquefied (i.e.,
R, reached 100%) was therefore primarily due to
liguefaction-induced lateral spreading. Fig. 9b
presents the displacement path of the soil in the
horizontal plane showing that the horizontal
movement mainly occurred in the longitudinal
direction towards the quay wall.

Based on the GPS data (Turner, 2002; Takahashi,
2002b) and survey data provided by Sato Kogyo Co.
and Tobishima Co. (Sato Kogyo, 2002), the
displacement vectors in the horizontal plane for the
first and second tests were plotted as presented in
Figure 10.

5.2.1 First Test

The displacement vectors in the horizontal plane
for the first test are presented in Fig.10a. The soil in
the vicinity of the embankment moved considerably in
the transverse direction as opposed to the expected
flow direction. This is because the lateral confinement
in the transverse direction was lower than that in the
longitudinal direction. The displacements of the soil
were mainly in the longitudinal direction in the level
ground area with the soil movement being quite
uniform in the vicinity of the test specimens. The

\ol.1
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average soil movement in this vicinity was
approximately 30 cm. Beyond the range of pile
specimens, the soil displacement continued to increase
towards the quay wall where the maximum movement
over 1 m had occurred.
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Fig. 9  Example of GPS data of unit GPS-1C

The longitudinal pipeline moved transversely 33
cm at the free end of the pipeline. The movements of
both transverse pipelines were similar. The maximum
movements of 35 cm occurred at the middle of both
pipelines.The displacements of both transverse pipe-
lines were slightly lower than the soil movement on
the upstream side (35 to 40 cm). This is because both
pipelines tended to impede the soil flow.

The UCSD single pile appeared to move with the
same magnitude of the free field soil movement with a
pile head displacement of 32 cm. The average
horizontal displacement of the WU piles was, however,
significantly higher than those measured for the UCSD
single pile with the magnitude of average
displacement approximately 43 cm. This was due to
the fact that the tips of the WU piles were located just
above the dense layer, while the UCSD pile penetrated
about 3.5 meters into dense soil. The WU piles,
therefore, likely behaved as rigid piles, where the
rotation and movement at the pile tip were expected.
In contrast, the UCSD pile acted as a flexible pile
where the rotation and the movement at the pile tip
was insignificant. Therefore, due to the effect of fixity
at the pile tip, the displacement at the pile head of the
UCSD single pile was less than those of the WU piles.
5.2.2 Second Test

Fig. 10b presents the horizontal displacement

vectors of the second test. The horizontal soil
movements on the upstream side that occurred in the
second test were significantly lower than in the first
test, with an average value of 15 cm, because the soil
conditions in the second test were less susceptible to
liguefaction as described in the previous section.
Similar to the first test, the magnitude of soil
movement increased as the location moved towards
the waterway. The maximum soil movement was
observed between both pile groups with a magnitude
of 46 cm. However, it should be noted that 10 cm of
this 46 cm of soil movement contributed to the failure
of the slope immediately after the first set of the blast
at the slope toe.

The movement of the single pile was 28 cm, while
the WU piles moved significantly more, with the
magnitude of 39 cm due to the lack of fixity at the pile
tips. The movement of the gas pipeline and electrical
conduit were about 50% of the first test.

5.3 Responses of Single Piles and Pipelines

5.3.1 Single Piles

Moment distribution along the length of the UCSD
single pile at the end of the first and second blast is
presented in Fig. 11. As expected for the case of the
free-head pile, the test results indicate that the
moments at the pile head were zero. Interestingly,
the moment was insignificant for the first 4 m of a
very loose liquefied sand layer, indicating that the
resultant force on the pile produced by the liquefied
soil was negligible. However, the moment increased
with depth for the next 3.5 m, where a very soft clay
layer existed. Though the data indicates that the
excess pore water pressure ratio in this layer also
reached 100%, the clay layer appeared to behave
differently from liquefied sand in which it applied
some pressure to the pile as indicated by the increase
in the pile moment. The maximum moment occurred
in a dense soil layer below the bottom of the liquefied
soil layer, at a depth of about 9 m below the ground
surface. This dense soil layer resisted the bending
action produced by the lateral soil pressure from
global translation. Based on the moment data, the
single pile yielded after the second test with a plastic
hinge length of more than 1 m. It should be noted
that the moments along WU piles were negligible
compared to the UCSD single pile (Takahashi, 2002a).
This is due to the difference in degree of fixity at the
pile tip.
5.3.2 Pipelines

The strain distributions along the transverse
pipelines for the first and second tests are presented in
Fig.12. It should be noted that the strain of the second
test presented herein is the cumulative strain obtained
from both the first and second tests. The strain data
of pipelines was somewhat irregular because they
were subjected to non-uniform soil pressure along
their entire length, produced by compression waves
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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 Fig.10), the larger
diameter pipeline produces larger strain. Strain data
also shows that both pipelines performed relatively
well without yielding.

The strain distribution along side of the
longitudinal gas pipeline is shown in Fig.13a.
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

(b) 2nd Test

Horizontal displacement vectors for  (a) 1% test; (b) 2™ test

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. This is
because the 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 the previous
section (Fig.10). 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 larger amount of strain along the top and
bottom of the pipeline due to settlement was noticed as
shown in Fig.13b. The symmetry of strain gauge data
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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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6 Conclusions

Based on the results obtained from two full-scale
experiments, the following conclusions were obtained:

(1) Controlled blasting successfully liquefied the
soil and induced lateral spreading.

(2) The excess pore water pressure ratios varied
between 65% and slightly over 100% for the first test.
The degree of liquefaction in the second test was
lower than the first one with excess pore pressure
ratios ranging between 30% and 80%.This is probably
because the soil conditions in the second test were less
susceptible to liquefaction.

(3) The average soil movement on the upstream
side in the second test was approximately 50% of the
first test. The movements increased as the location
moved towards the quay wall, where the soil
movement was the highest.

(4) Increasing the degree of fixity at the pile tip
decreased the pile head displacement but increased the
moment along the pile. The UCSD single pile, which
had a higher degree of fixity at the pile tip, yielded at
the end of the second test, while no yielding was
observed for the WU single piles.

(5) Observed moment distribution of the UCSD
single pile indicated that global translation of the
liquefied soil layer provided insignificant force to the
pile.

(6) Both transverse and longitudinal pipelines
performed well without yielding.
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