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Operation of PHRI Geotechnical Centrifuge from 1980 to 1994

Masaki KITAZUME*
Masaaki TERASHI**

Synopsis

In 1980, the Port and Harbour Research Institute (PHRI) constructed a centrifuge
(Mark I) of 3.8m effective radius. Since then PHRI Geotechnical Group has conducted
more than 1300 centrifuge operations and has published nearly 60 papers related to centri-
fuge model tests.

In 1989, PHRI has started the construction of a new facility to house Mark II centrifuge
adjucent to the existing centrifuge facility. In April of 1994 when the Mark II centrifuge
was assembled in site, the Mark I centrifuge was disassembled. Many research projects
related to centrifuge model testing will also be performed by the Mark II centrifuge.

This paper briefly describes the developments of the PHRI Mark I centrifuge facilities
and centrifuge operations experienced in the past 14 years. Research subjects studied so
far are reviewed to demonstrate usefulness of this modeling technique and ability of our
centrifuge facilities.

KEY WORDS: Test Equipment, Centrifuge Model Test

*Chief of Scil Stabilization Laboratory, (Geotechnical Division
**Deputy Director, NIKKEN SEKKEI Nakase Geotechnical Institute, former Chief of Soil
Stabilization Laboratory



1. Introduction

In geotechnical engineering, small-scale model tests are sometimes used to study the
complex nature of soil response and soil-structure interaction. However, it is known that
soil response depends on the level of effective stress within the soil mass. There-
fore, small-scale model tests in a conventional gravity field of lg often fail to reveal some
important phenomena that may exist at the protolype stress level,

To overcome this situation, it is desirable to perform a small-scale test at field stress
level conditions. One method of doing this is the centrifuge technique, in which a small
model scaled 1/# from the assumed prototype is tested under an “#” times gravity field
created by the centrifugal acceleration. Principle of geotechnical centrifuge modeling has
been appreciated since the 1930s and explained by several research workers?. At present,
centrifuge testing has become an important tool for the investigation of complex geotechni-
cal nature as referenced by several recent symposia.

Currently more than five dozens geotechnical centrifuges are in operation in various
countries. In fapan Prof, Mikasa at Osaka City University was the first who built a cen-
trifuge of 1,01 m effective radius in 1965 and utilized it to study the consolidation process
of soft clay. In the 1960s, the Tokyo Institute Technology built a centrifuge of 1.18 m ef-
fective radius. These two centrifuges were much utilized to jnvestigate the self weight con-
solidation, bearing capacity of soil and so on., These research efforts and achievements
proved the importance of centrifuge model testing.

In 1980, the Port and Harbour Research Institute {(PHRI) constructed a centrifuge of
3.8 m effective radius. For prototype structure in port and harbor area, a reasonable soil
area to be modeled was considered to be 150 m = 150 m in plane. Therefore the effective
radius, maximum acceleration and space of the swinging platform of the PHRI centrifuge
were determined as around 3.5 m, 100 g and 1.5 m « 1.5 m, respectively. This provided
many research engineers in Japan with motivation to build up their own centrifuges.

Since then PHRI has conducted more than 1300 centrifuge operations and has published
nearly 60 papers related to centrifuge model tests. Some of research projects were con-
ducted with close relation to specific prototypes, and research results have been refiected
to the actual constructions.

Since 1989, undesirable vibrations of the concrete pit floor have frequently occurred
during high speed operation. This phenomenon was due to the progress of cracks in the
concrete pit floor. After detailed investigation, maximum operative acceleration was re-
duced below 50 g for safety reasons. Amnd PHRI also decided to construct a new centri-
fuge, Mark II. In 1989, PHRI has started the construction of a new facility to house
Mark 1I centrifuge adjacent to the existing centrifuge facility. During six years construc-
tion period of the Mark Il Centrifuge, Mark I cenfrifuge had been operated as usual be-
low the limited acceleration. Drive system, cosntrol system and data acquisition system are
totally replaced by the advanced systems for Mark II. The beam and swinging platform of
the Mark I were took over to the Mark II centrifuge., In April of 1994 the Mark I was
disassembled and the Mark II was installed. Many research projects related to centrifuge
model testing will also be performed in the Mark I centrifuge.

This paper briefly describes the developments of the PHRI Mark I centrifuge facilities
and centrifuge operations experienced in 14 years. Research subjects studied so far are re-

viewed to demonstrate usefulness of this modeting technigue and ability of our centrifuge
facilities.



2. Development of the PHRI Mark I Centrifuge

2.1 General Arrangements of the Centrifuge

The construction of the PHRI Mark I Centrifuge began in 1977 and completed in
March of 1980. The basic machine configuration and assembly have been described by
Terashi®¥ and are only briefly described here, together with the development of associ-
ated hardwares.

The main part of the centrifuge is housed in the underground reinforced concrete pit
for safety operation as shown in Figs. I and 2. The inner size of the pit is 10.4 m in di-
ameter and 4.2 m in height. As the soft rock zippeared at the depth of 3.5 m at the site,
the bottom of the pit was buried in the soft rock. Main part of the centrifuge weighs ap-
proximately 87 tons and whose diameter is 9.5 m. Two swinging platforms are hinged to
the rotating arm via the torsion bar systems to safely deliver the radial force at high ac-
celeration to the end plates at both ends of the arm.

The drive unit for the centrifuge of
400 kW direct current motor is mounted
on the upper floor of the pit and gener-
ates steady acceleration up to 115 ¢ at
the surface of the swinging platform
whose radius during flight is 3.8 m. Ma-
jor specifications of the PHRI centrifuge
are listed in the Table 1. The control of
the centrifuge is conducted in the opera-
tion room, Conditions of all the important
components of the centrifuge, such as ra-
dial and thrust bearing of the main shaft,
electric currents, air conditioner, lubrica-

Fig.1 Photograph of PHRI Centrifuge tion, and etc. are always monitored and

displayed on the control panel. Safety
functions are equipped to ring the alarm in the case of trivial troubles and to stop the ma-
chine automatically in the case of severe trouble.

Table 2 and figure 3 show the comparison of the capacity of major centrifuges avail-
able in the literature™®¥~%  The PHRI centrifuge is still cne of the major large centri-
fuge in the world.

2.2 Ancillary Equipment

Various tools and equipments to conduct experiments in a high ¢ field are avail-
able, such as loading devices for hearing capacity study, sand hopper for emhankment
construction, vane tester and cone- penetrometer for measuring in-situ strength of the
model ground. In order to drive these equipments during flight, rotary transformer is in-
stalled at the upper part of main shaft to supply electricity of 3¢ 200V to the centrifuge.
The electricity is transformed to 2¢ 100V, DC 6-24V and each electricity can be controlled
individually by means of switching circuit, Iydraulic pressures are also supplied to the
platiorm through rotary hydraulic joints.

Electric signals obtained by various transducers are transmitted through a slip ring
stack of 80 poles on the top of the main shaft from the swinging platform to the operation
room. The analog signals from transducers are measured and converted to digital signals
by a strain meter, inputted to a personal computer, stored in a cartridge tape and dis-
played on the CRT after some computation. The personal computer for the data acquisi-

%5..._
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Table 1 Major Specifications of PHRI Centrifuge

Maximum acceleration (9) 115
Diameter of rotating arm (mm) 9,650
Maximum effective radius (mm) 3,800
Maximum Number of rotation (rpm) 165
Space of swinging platform (mm) 1,600 1,600
Maximum payload (kg) 2,710
Maximum capacity (g-tons) 300
Main motor (kW) 400
Electric slip ring (poles) 80
Rotary transformer (kVA) 52
Number of hydraulic joints 10
Total weight of the centrifuge (tf) 87
Major Cenirifuges in the World
(o)
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tion was originally HP-9825A (YHP) and replaced in 1938 by PC-9801 (NEC) for speedy
acquisition, And the strain meter and switch boxes were also replaced by the more sophis-
ticated ones, TDS-301 (Tokyo Sokki Co. LTD.), as shown in Fig.4. The signals to con-
trol the switching circuit are also transmitted through the slip ring from the operation
room to the centrifuge.

Photograph of the model ground in the specimen box can be taken from two positions
of the pit; the one is the opening at the side wall of the concrete pit, the shooting win-
dow I and the other is the opening at the upper floor of the pit, the shooting window 1]
as shown in Fig.5. Two set of photographic systems were installed in 1980 at two shoot-
ing windows. TFigure 6 shows the 70 mm pulse data camera installed at the shooting win-
dow I. The coordinates of the targets on a2 model taken during flight are digitized on a
large screen (Fig.7) to real coordinate after compensation for various sources of distortion
using fiducial points on the specimen box. To increase the quality of photographic image,
every optical part of the system is specially designed®*®, The data processor was origi-
nally HP-9825A (YHP) and replaced by PC-9801 (NEC) in 1988,

A TV monitoring system was also installed to the photographic system in 1980 at the
shooting window I, which is quite powerful in real time observation and quick playback
although the image quality is inferior to the still photograph. The same light source with
that for still photograph is used for TV monitoring.

Fig.4 Data Acquisition System

__9_



(1) Shooting window I
(2)Shooting window I

(3)Underground circular
concréte pit

{(4) Rotating arm
(5) Swing-platform

5))

{3)

(1

Fig.5 Schematic View of Centrifuge

Fig.6 70 mm Pulse Data Camera
Shooting Window

at the Fig.7 Projector, Digitizer and Data Proces-
S0r
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2.3 Machine Use

In the period 1980 to 1994 usage of the centrifuge can most conveniently be assessed in
terms of number of machire runs, total running hours and total running machine rotation.
Figure 8 shows analyses on a yearly basis with an average usage over an 14 years period
of 93 runs totaling 229 hours per vear. Of the total number of machine runs over this pe-
riod some have yielded geotectmical data; the remainder fall into a nonproductive cate-
gory including machine testing, instrument calibration, equipment proving, and tests which
have been zborted for one reason or another.

Up to 1983 use of the centrifuge was mainly on bearing capacity of sand
ground. Since this subject was a first model test for the PHRI centrifuge, fairly simple
model tests, concentric loading tests were carried out at first. Know-how on operating the
centrifuge, model preparation as well as model test procedure have been accumulated dur-
ing a large number of repeated tests.

From 1984 the involvement with work on cohesive material required a long run centri-
fuge operation for obtaining normally consolidated clay ground having the shear strength
increases with depth. The clay often used in the model was Kaolin clay whose coefficient
of consolidation was relatively large so that consolidation time required for self weight
consolidation in the centrifuge could be reduced to one and half days for a ground of 20
¢ thickness. For safety operation almost all staffs including responsible engineer carefully
monitored both the machine and model ground during the long run. Model turn round
times for cohesive materials have been governed not only by consolidation periods but also
by personnel exhaustion in the long run operation. Therefore the model tests on cohesive
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Fig.8 Annual Breakdown of Centrifuge Usage over an 14 Years Period



materials were carried out about once or twice z month and relatively short runs were
carried out in the intervals of the long run operation.

Since 1989, undesirable vibration of the concrete pit floor has occurred at high speed
running. This phenomenon was due to progress of fatigue cracks in the concrete pit. After
detailed investigation and discussion with the manufacture, PHRI decided the maximum
operative acceleration to be reduced below 50 g for short running and 40 g for long run-
ning for safety reasons.

2.4 Safety

An annua! maintenance and a set of regulation contributed fo the safe centrifuge op-
erations for 14 years. The annual maintenance of about two weeks was undergone by the
manufacturer to check the machine hardware, electric system, lubrication and so
on. Since 1989, vibration of the concrete pit floor and the progress of the cracks in the
pit were also checked during the annual maintenance.

The centrifuge was operated under a set of safety regulations, designed to minimize
the risk of accidents to personnel or machinery. Mode! specimen boxes were designed by
means of three dimensional elastic finite element analysis to ensure the stability and to
confirm amount of expansion of the box during the flight within allowable wvalue. All
boxes thus designed and manufactured were subjected to proof testing in advance up to
20% higher acceleration than the acceleration of general use. In the proof test, the defor-
mation, strains of various points of the box were measured and confirmed to remain
within the allowable value. After these procedures, the boxes could be in use for model
testing.

In model testing, every model and its counterweight were designed in advance on
flight authorization sheets (Fig.9), to meet a balance requirement aimed at limiting wear
on the machine bearings as a more stringent requirement than that of overall structural in-
tegrity. When model was mounted on the swinging platform of the centrifuge, all the
equipment, transducers as well as loading devises were confirmed to suitably fixed in the
presence of the responsible engineer.

During the centrifuge running a continuous check was done on the out-of-halance
loads, temperature increase and noise in the rotary bearings, vibration of the machine and
concrete pit floor.

Fig.9 Flight Authorization Sheets



3. Research Subjects Studied

Figure 10 indicates area of research subjects over the 14 vears. All projects have been
assessed as project-orientated, curiosity orientated or both. As details of each subject have
been presented elsewhere™ =™ test results of limited number of the subjects are briefly de.
scribed here. In this article, units of pressure and force in the figures and tables of the
original papers are converted into the SI units by a factor of 10 m/sec?.

3.1 Bearing Capacity of Sand Ground®-#

The harbor area is almost always protected by breakwaters against incoming waves to
keep the calmness of internal water and to maintain the required basin depth. In most
cases in Japan, an upright breakwater of composite type is preferred which is usually
composed of concrete caisson and rubble mound. Breakwaters also fanction to reduce the
energy of earthquake-originated TSUNAMIs which have often attacked the coast lines of
northern Japan. The breakwaters subjected to large horizontal force and moment raise a
new problem to be solved.

As this research subject was a first one for our centrifuge, fairly simple model tests,
concentric loading tests, were conducted at first to investigate the scale effect of the foot-
ing width on the bearing capacity as well as to accumulate the model test techniques.

{1) concentric loading test

The sand used is fine grained uniform Toyoura sand having uniformity coefficient, Uc
of 1.38 and the effective grain size, D of 0.13 mm. The model ground of air dried Toy-
oura sand is prepared in the strong box on a laboratory floor by means of the multiple
sieve method of sand raining to obtain upiform and density controlled sand ground
throughout the test series. The average relative density of the sand is 95+5 %. The top
surface of the ground is carefully leveled by sucking sand particles by a vacuum cleaner.

Results of concentric loading tests are shown in Fig.11. In the figure, the ahscissa
represents the generalized footing width ¥Ba in which v, B and » are unit weight of the
sand ground, footing width and acceleration gravity respectively. The ordinate represents
the bearing capacity factor Ny. In the experiments the actual model footing width was
varied to 0.5, I, 2, 3 or 4cm under various acceleration to obtain wide variety of general-
ized footing width. As shown in Fig.1l Ny for the same ¥B# is almost same irrespective
of the actnal footing width. The scale effect on the bearing capacity can be clearly ob-
served in which the bearing capacity decreases with the increase of generalized footing
width. This phenomenon was also found by field and laboratory tests™ and centrifuge
mode! tests®®.

(2) eccentric loading test

A series of eccentric loading tests was performed in the condition of ¥Ban = 0.36 to
avoid the scale effect. This test series were also carried out on the dense Toyoura sand
(Dr=95+5%). The reduction ratio of hearing capacity, Ey is defined as a ratio of the ec-
centric bearing capacity against the concentric bearing capacity. The reduction ratio, Ey
with the increase in eccentricity is shown in Fig.12 together with available test data by
various researchers® #'  The reduction ratio Ey proposed by Meyerhof? is also shown in
the figure. Based on the experimental and analytical considerations on the condition of the
loading point', two kinds of loading tests, R and F loadings were performed. Atlthough
the test data has relatively large scatter, the centrifuge test resuits are fairly coincident
with the other test data and the Meyerfoh's equation shows conservative value compared
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with the test results.

(3) eccentric and inclined loading test

Under the action of eccentric vertical load, the rupture surface becomes one-
sided. However there is a contradiction in the test results between most of past workers
and Jumikis®™ regarding the direction of the rupture surface. By a series of centrifuge
tests and elasto-plastic FEM analyses™, it was concluded that the contradiction was due
to the unexpected development of horizontal force at the loading point which was a conse-
quence of the restriction to the free movement of the footing. Therefore to investigate the
bearing capacity and rupture hehavior a new loading devise was devised as shown in
Fig.13 where the vertical and horizontal forces acting on the foundation could be individu-
ally controlled.

a) test procedure

After reaching the prescribed acceleration, the position of the foundation was adjusted
exactly to the center line of the mound. The vertical load with a certain eccentricity was
given by an air-cylinder and the foundation loads on the top surface of the mound. Then,
finally, horizontal load was applied to the foundation and increased to failure of the
mound at a constant displacement rate. To avoid the excessive change of eccentricity dur-
ing the experiment, the air-cylinder was also pulled by the wire at the same horizontal
displacement rate as that of the foundation. During the experiment, vertical load at the
loading point, tension in the wire, vertical displacement of the loading point, and horizon-
tal displacement of the foundation were measured directly by various transducers,
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b) Horizontal load intensity - displacement relation

Relationships between the horizontal load component {H) and the horizontal displace-
ment of the foundation (&) are influenced by the applied vertical load level as shown in
Fig.14. The H and & curve for a lower vertical load level, as shown by open circles, has
no peak, However, the curve for a higher vertical load level, as shown by open triangles,
has a sharp pezk at small displacement and shows a sudden reduction of resistance, The
vertical load level for the curve shown by solid circles is between those for the ahove two

curves and corresponds approximately to one half of the maximum vertical load sustained
by the present mound.

c) Failure envelope in V-H-M space

By the test results, a failure envelope may be constructed in the V-H-M space for a
particular geometric condition as shown in Fig.15. The envelope defines a region inside
which all allowabte loading combinations must lie. When the test data with negligible ec-
centricity are projected onto a M=0 plane, Fig.16 is obtained. As it is difficult to control
the vertical loading point to a prescribed position, the eccentricity of the each data point
in the figure differs slightly but within the range of —0.1 < ¢/B < 0.1. For the conven-
ience, the data with positive e/B are plotted in the upper half and the data with negative
e/B are plotted in the lower half of the figure. Plotted data group on the plane has a
shape of cross section of a spindle. The maximum horizontal load can be found at vertical
load level of approximately one half of the maximum vertical bearing capacity.

Figure 17 is the failure envelop projected on a V=constant plane. Each test data is
shown by a solid circle with numeral which represents the vertical load intensity applied.,
Projected data group for a similar vertical load intensity level shows a shape of parabola
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convex upward. From this projected image on the V=constant plane and the one in the M
=0 plane as already shown in Fig.16, the complete failure envelope for the present test
conditions can be consiructed in the V-H-M space.

d) comparison with analysis

Three solid curves shown in Fig.16 are the calculated failure envelopes in the V-H
plane with M=0 and with internal friction angle #=45 degrees. The calculated failure en-
velopes by three different slip circle methods are amazingly different in shape. In the pre-
sent case of the mound with uniform material, the ¢-circle method with ¢=45 gives the
best fit. As is well known, the Fellenius method gives too small and simplified Bishop



method gives excessive bearing capacity on the V-load axis under vertical loading condi-
tion. Whereas the maximum horizontal load component calculated by these methods do not
differ too much each other.

The ¢ value is corrected so as to fit the calculated failure loads with test data at the
point which fepresents the maximum vertical bearing capacity. Fitted friction angles are
90 and 41 degrees for the Fellenius method and the simplified Bishop method respectively.
Calculated failure envelopes using fitted ¢ values are shown in Fig.18 again together with
the test data, Even though the fitted friction angle is used, the Fellenius method is not
able to explain the influence of the horizontal load component (load inclination). The sim-
plified Bishop method can be used to estimate the failure envelope if the smaller ¢ value
is selected from the triaxial compression tests under varying confining pressure level.

In the actual design practices, most difficult part is the selection of ¢ value. Some
trial calculation using the average triaxial ¢ value of 43 degree is suggesting that the &-
circle method gives the reasonable but conservative estimation and the simplified Bishop
method gives reasonable result as long as the horizontal load is dominant. The test results
with analytical investigation were applied for actual constructions of breakwater sitting on
huge rubble mound™-#,

The results of centrifuge model studies provided fundamental and valuable information
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to establish a new design method in which the simplified Bishop method can be used for

the unified formula for calculating the bearing capacity of a rubble mound including sub-
soil under eccentric and inclined loads.

3.2 Bearing Capacity of Clay Ground®
Model tests on the hearing capacity of clay ground were conducted from 1985 to 1987.
In this test series normally consolidated clay ground of Kaolin clay whose shear strength

increases linearly with depth as shown in Fig.19 was manufactured by the continuous long
centrifuge operation.

{1} concentric vertical loading test

A series of vertical loading tests was carried out at first changing the footing width to
evaluate the vertical bearing capacity of the ground. Figure 20 shows the vertical pres-
sure, V and setflement, &, curves obtained in the tests. It can be seen in all tests that
vertical pressure increases with the progress of loading and neither peak pressure nor con-
stant pressure is observed. The hearing capacity is defined as a vertical pressure at bend-
ing point of the curve ploited in log - log scale. The vertical bearing capacities of all
tests are plotted against the footing width as shown in Fig.?21. It is found that the vertical
bearing capacity increases with the increase of footing width. The bearing capacities cal-
culated by the Davis and Booker's method® are also plotted as a solid curve in the fig-
ure. The calculated values are in good coincidence with the experiments, It can be con-
cluded that the Davis and Booker's method reasonably explained the effect hoth of the
footing width and of strength increase with depth on the vertical bearing capacity.

{2} eccentric and inclined loading test

A series of vertical and horizontal loading tests was performed to investigate influence
of the load inclination on the bearing capacity. Model ground tested is schematically
shown in Fig.22. After the self weight consolidation in high acceleration field of 50 g, the
model footing floating above the ground during consolidation was placed on the sand
mound by lowering the water depth, and was immediately subjected to horizontal force by
means of the electric motor iack.

The loading tests were carried out under various vertical pressures up to the vertical
bearing capacity to construct the failure envelope in the vertical and horizontal force space
as shown in Fig.23. In the figure, all test data are normalized with respect to A % Cj in
which A and Gy are sectional area of the footing and undrained shear strength at the
ground surface respectively. Although number of test results is limited, it can be seen that
a failure envelope projected to the V-H plane has a form in parabolic shape. Bearing ca-
pacity calculated by means of Vaughans’ method® and slip circle method are also plotted
in the figure. The slip circle method overestimates the bearing capacity and fails to ex-
plain the effect of strength increase with depth. The Vaughans’ method, on the other
band, reasonably explains the effect of load inclination. The failure envelope of the clay
ground is similar to that of sand ground except comparatively high horizontal resistance
under small vertical pressure.

This series of test results were employed in the development of a new type breakwater
in Kumamoto Port, where relatively light caisson can bear the wave force by the working
of the cohesion at the ground surface. This type of breakwater can be applicable to inland
sea areas with relatively small wave force, but can reduce construction expense for soil
improvement.
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3.3 Behavior of Fabric-Reinforced Clay Ground under Embankments .5

In Japanese coastal area, difficult problems due to stability or settlement are often en-
countered in the constructions of temporary roads or containing dikes on the normally con-
solidated clay ground. To cope with these probiems, reinforcement using geotextile is fre-
quently used. To investigate the improvement effect of fabric on normally consolidated
clay ground and to clarify the improving mechanism, a series of centrifuge model tests
was carried out to simulate and compare the behavior of the reinforced and usreinforced
soft clay soil under a variety of embankment configurations. This study was performed to
investigate cause of failure of temporary dike during the construction on soft clay ground
at a certain port.

(1) General descriptions

A series of model tests was carried out for three different configurations, Type 1 to
‘Fype 3 as shown in Fig.24 and Table 3, Type 1 corresponds to an embankment construc-
tion on a normally consolidated soft clay where an unwoven fabrie is spread in excess of
the entire width of the embankment. For the Type 1, comparisens are made between rein-
forced and unreinforced cases and also for drained and undrained loading conditions. Type
2 corresponds to a wider embankment on a normally consolidated soft soil where a con-
struction of a small containing dike precedes the construction of the main body of the em-
bankment. For this case, an unwoven fabric is placed in excess of the entire width of the
containing dike but not under the major body of the embankment. The conditions for Type
1 and 2 are often encountered in practice. In addition to the above mentioned cases, Type
3 is carried out to see the difference in the failure mechanism. This corresponds to a vehi-
cle load or a foundation lead acting on the top surface of a reinforced embankment on an
over consolidated clay. Since the detail has been described in the original papers™* only
test results of Type 1 is presented here.

(2) test results

A typical model setup for the test series of Type 1 is schematically shown in Fig.25.
The clay used in the series of model tests is Kaolin clay and the selected model fabric is
an unwoven fabric made of polyester whose major characteristics are listed in Table 4. In



Table 3 Test Conditions

Type
TN, Ty reinforcement  loading
T - "'%;';S'é"{'—'u—u unreinforced  undrained
Type 1-R—U reinforced undrained
Type 1—-R—DU reinforced drained
Type 2—R—-U reinfarced undrained
Type 2-R-DU reinforced drained
Type 3—U-U unreinforced  undrained
Type 3—-R-U reinforced undrained
Type 3 '_L|
| e
Fig.24 Configurations of Model Tests
disp.- Table 4 Characteristics of Fabric
g transducer sond |
¥ |pressure hopper TR Eere el s e e .
gauge . thickness strength strain at
(mm}) (N/5 cm) failure (%)
"""" 0038 36 135
elastlc limit ‘tensile stiffness
(N/5 cm) {MN/m?2)
"""" 12.5 53.1
Fig.25 Setup of Model Ground
the test, the thickness of the soft clay is around 20 em. The undrained shear strength P

along the depth is determined by means of in-flight vane shear tests and cone penetrometer
tests and already shown in Fig.19.

- After the self weight consolidation, the embankment construction was simulated during
flight by pouring the sand on the ground surface by a special remote controlled sand hop-
per. The embankment height was increased to the maximum height within 2-3 minutes un-
der a practically undrained condition.

In the unreinforced embankment construction (Type 1-U-U), a failure surface passing
through the embankment was clearly found. On the contrary, an embankment (Type i-R-
W) reinforced by the fabric settled uniformly as a whole inte the ground with increasing
fill height under undrained condition., Therefore it was difficult to determine the point of
failure. The critical height of the embankment was determined at a sharp bend in the re-
lationship between the fill pressure and the maximum horizontal displacement along the
vertical line at the toe of the embankment. Even after the fill height was increased in ex-



cess of the critical height, there exhibited no sign of fabric or fabric-soil interface failure.
This was confirmed later by direct observation of the fabric after removing the embank-
ment. It means that the failures of the embankment with and without reinforcement are
caused by the foundation failure.

Critical heights of the unreinforced (Type 1-U.U) and reinforced (Type 1-R-U) em-
bankments are 1.5 cm and 2.5 cm respectively. If the embankment is constructed slowly,
the critical height of the embankment can be larger due to strength increase of the
clay. In Type 1-R-DU test, the embankment is constructed slowly in steps up to 4.8 cm
without any sign of failure. After that, the embankment height is increased rapidly under
undrained condition, and the foundation failure is ohserved at an embankment height of
approximately 9.6 cm.

For each test case, the displacement vector loci during undrained loading up to the
critical height are shown in Fig.28. Sand is poured continuously even after the foundation
failure. Fig.27 shows the displacement loci in the ground after the failure of the founda-
tion soil. In these figures, solid lines represent shear strength profiles of the ground just
before the undrained loading and broken lines in Type 1-R-DU represent original strength
profiles.

In Type 1-U-U, the maximum horizontal displacement for the critical height appears
at the ground surface at the toe of the embankment and the magnitude is approximately
10 mm. The failure zone where large horizontal displacements develop is relatively small ;
8 cm wide and 2 cm deep. The failure zone does not expand by the further loading and
the central portion of the embankment body shows almost no settlement.

In Type 1-R-U, the magnitude of the maximum horizontal displacement at the toe is
also approximately 10 mm but it appears 2-4 cm below the ground surface. Horizontal dis-
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placement at the ground surface is smaller than that. The zone of failure is deeper and
wider in comparison with the companion unreinforced case., With continuing sand pouring
above the critical height, the central portion of the embankment also starts to settle and
finally the entire embankment seems to penetrate into the soft soil.

In the drained loading stages up to 4.8 cm height of Type 1-R-DU, a horizontal dis-
placement of approximately 4 mm develops at the toe of the embankment but at the same
time, the embankment settles uniformly about 8 mm due to the consoiidation of clay. In
the subsequent undrained loading, the magnitude of the horizontal displacement is about 6
mm, and it appears at a depth of around 4 cm. Fig.26 suggests that the failure zone is
local around the toe of the embankment and the central portion of the embankment does
not settle until the critical height. However, with continuing sand pouring, the entire em-
bankment starts to settle forming a larger zone of failure as shown in Fig.27.

(3) discussion

The critical embankment height for the reinforced case is much higher than that for
the unreinforced embankment. The calculations of slip failure are carried out by the Fel-
lenius method of slices to explain this difference. It is suggested by many research work-
ers that the reinforcement effect is to be accounted for in the slip circle analysis by intro-
ducing a concentrated force acting at the intersection of slip surface and reinforcement to
increase the resistance moment. For this conventional calculation, the concentrated force
is assumed to be the sum of fabric-soil interface shear which is smaller than the tensile
strength of the fabric in the present model test. The calculated factor of safety is around
1.3 and is too high to explain the critical height of the reinforced embankment. The fac-
tor of safety for the foundation failure mode is calculated on a slip circle which approxi-
mates the measured slip surface on the conditions of no fabric force and no shear resis-
tance of embankment sand. The calculated factor of safety is around unity and is a much
more reasonable value,

The slip surface in the unreinforced case lies in the soft top surface
layer, whereas, in the reinforced case, the slip surface travels into the N.C. layer where
the shear strength increases with depth. This is the apparent reason for the increased em-
bankment height due to reinforcement. The difference in the position of the slip surface
seems to be attributed to two reasons. One reason is that the fabric gives a restraint on
the development of horizontal displacements and prevents local failure.It implies that the
embankment tends to behave as a unit foundation due to the reinforcement. Another rea-
son is a direct consequence of the first reason. Due to the restraint given by the fab-
ric, the direction of the major principal stress changes at the hottom of the fabric which
is in contact with the clay. This is analogous to the change in hase roughness of the foun-
dation from smooth (unreinforced) to rough {reinforced). In the present case the tensile
stiffness and the flexural rigidity of the fabric are not so large. The reinforced embank-
ment is considered te have behaved as a flexible foundation with a rough base.

In the drained loading, the reinforced embankment gives a large critical height in
comparison with undrained loading condition. At the critical height, the potential slip sur-
face passes through point A in the Fig,26. However, with increasing height, the embank-
ment is still stable and at the embankment height of 12 cm, displacement vector loci
shown in Fig.27 suggest that the large slip surface passes through peint B. After removal
of the embankment, there was no sign of elongation of the fabric at point A, It again
suggests that the fabric functions to give a confinement on the behavior of the embank-
ment and reinforced embankments tend to behave as a unit,



3.4 Bearing Capacity of Improved Ground by Sand Compaction Piles’? 0

Sand compaction pile method (SCP) has been applied to improve the soft ground often
found in the Japanese coastal area. When the method is applied to improve clay deposits,
the improved ground js often called a composite ground. The anthors investigated the
bearing capacity of the submarine composite ground with low a. { as:the replacement area
ratio ) improvement under a combination of vertical and horizontal loads.

(1} test procedure

The setup of mode! ground is shown in Fig 28. A thick normally consolidated clay
layer of Kaolin is reduced in scale and prepared in a strong specimen box which has the
following inside dimensions: 30 cm deep, 10 cm wide and 50 cm long. All the model tests
were carried out in the 50 4 field. In order to reflect the prototype loading condition of
the breakwater or revetments to the model test, it is most appropriate to apply the verti-
cal load component in advance to applying the horizontal load component. The vertical
load component was applied by quick lowering of the water level, The horizontal Compo-
nent was applied immediately after that by means of the horizontal loading jaclk.

Test conditions and results of a series of tests are summarized in Table 5. The verti-
cal load component, V and horizontal load component, H are the loads where the im-
proved ground comes to yield. Load inclination is the inclination of the resultant [oad at
vield which is measured from vertical. Therefore test No. 1 is the vertical bearing capac-
ity test with zero inclination and No. 2 to No. 5 are the tests for the inclined loading.

© : Sand Compaction Pile
e=: Earth Pressure Transducer
ol: Pore Pressure Transducer
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Fig.28 Setup of Model Ground



Table 5 Test Conditions

Test 1st Load Total Load at Yield Load
No. (kN} V. Load (kN) H. Load (kN) Inclination {deg)
1 010 0.60 0 o]
3 0.10 0.10 0.0587 29.7
4 G110 0.28 0.088 16.5
5 010 0.45 0.070 8.8

(2) test results

In test No.l, vertical loading test, the load increases with increasing settlement and
neither peak nor the final constant load is observed as shown in Fig.29. The bearing ca-
pacity of the improved ground is determined as a yield of the ground. The vield load of
the ground is defined by the intersection of the initial {angent line of the curve and the
tangent line at the straight portion of the curve at the larger settlement. The arrow in the
figure shows the position of the bearing capacity thus determined.

For the inclined load tests, horizontal load H - horizontal displacement & curves are
obtained and shown in Fig.29. In test No. 3 for the largest load inclination, H increases
with increasing & hut the load becomes constant after & reaches a certain value. The
bearing capacity for this particular case is therefore determined as this final constant
value. Whereas the H - & curves for the smaller load inclination do not show either peak
or the final constant value. The bearing capacities for these cases are determined by the
intersection of two tangent lines, As shown in the figure, it is known that the horizontal
component of the bearing capacity is highly dependent upon the load inclination.

Figure 30 is the photograph taken after the load test (Test No. 1) to ohserve the de-
formation of sand piles directly. Shear planes and the sliding wedge are clearly observed
in the central three rows of sand piles. The piles outside the wedge are deformed at their
tops by the penetration of wedge but the overall improved ground does not reach the gen-
eral shear failure.

The vertical load component, V and the horizontal load component, H at vield or
failure of the improved ground for ali the tests are plotted in Fig.31 to obtain the bearing
capacity envelope on the V - H plane. The failure envelope similar to this has been also
found previously for the bearing capacity of sand under the inclined load (Fig.16). The
horizontal load which can be supported by the improved ground increases with the increas-
ing vertical load. However, when V reaches around a half of the vertical bearing capac-
ity, H becomes maximum and decreases with further increase of V level.

(3) Comparison with Practical Design Technique

Several failure criteria for the composite ground have been proposed and employed in
the routine design for many years in Japan. The bearing capacity is calculated by the Fel-
lenius method of slip circle analysis combined by a shear strength expression and shown
by a solid curve in Fig.31. The curve gives the cigar shaped bearing capacity envelope in
the V-H plane and is acceptable both qualitatively and quantitatively.

Also calculated and shown hy a solid straight line in Fig.31 is the simple sliding fail-
ure of the foundation on the surface of sand mound. For this failure mode, the maximum
horizontal load is calculated as a product of the effective weight of the foundation and the
factor of friction of the sand mound, tan ¢. As is observed in the figure, the results ob-
tained both by calculation and experiment are in perfect accordance for the sliding failure.

Full scale loading test was also performed in 1986 to 1988 in which SCP jmproved
ground was subjected to wvertical load to failure, and it was found failure load was well
coincidence with the calculation®#'. From the model and field test results, the validity



and practical use of the current design procedure is confirmed as long as it is used with
the adequate design constants,

This series of test results was employed in the development of design formula of im-
proved ground by sand compaction pile method with fow replacement area ratio.
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3.5 Horizontal Resistance of a Pile in Sand®-#

The centrifuge modeling of the behavior of a long pile and pile groups in a slope or
in a layered soil system was investigated which are often encountered in the port struc-
tures in Japan. In this article only lateral ioad tests of a sufficiently long pile embedded
in a horizontal layer of uniform dense sand was described,

(1) model ground

The model setup is schematically shown in Fig.32. All the model tests were carried
out in a strong specimen box which has inside dimensions 46 cm deep, 20 cm wide and 50
cm long. '

Plate piles are used for the model tests. Three materials of different elastic moduli, E
are used to adjust the flexural rigidity, E7 of piles, i.e. mild steel, aluminum and acrylic
resin, Strain gages are installed at both faces of the plate piles at 12 levels in average to
determine the bending moment distribution along the pile length. A free-headed model pile
is fixed at the bottom end by a clamp to stand by itself except for preliminary test series
(series 1 in Table 6) .

The sand used is fine grained uniform Toyoura sand having uniformity coefficient, U,
of 1.38 and the effective grain size, Dy of 0.13 mm. The model ground of air dried Toy-
oura sand is prepared in the strong box on a laboratory floor by means of the multiple
sieve method of sand raining. The average relative density of the sand is 87 %. The top
surface of the ground is carefully leveled by sucking sand particles by a vacuum cleaner.
After the sand ground is prepared, the pile is loaded laterally at the top by the motor
jack with a constant displacement rate of 0.6 mm/min at a high acceleration field. The
lateral load is measured by a cantilever-type load cell during the test. Also measured are
the displacement of the pile top and moment along the pile.

Motor Jack

Displacemeant Transducer

2 Logd Cell

| | i

]
) Strain Gouge '
. Sondy Ground
Model Plle g
0]
<
Clamp
M
30cm 20cm
50cm

Tig.32 Setup of Model Ground



Table 6 Test Conditions for Model and Prototype

____________________ MODEL TEST CONDITIONS PROTOTYPE CONDITIONS
Test Embed- Pile  Pile Pile  Loading Acceler- Embed-  Pis Pie
Series ment width  thickness Rigidity Heightg ation mente ’ \Nji?ith E'i'geidiiy
m Bm t Elm hm n

(cm) (cm) (cm} {N-m#) (cm} {9 {cm} {fom}  (MN-m2)
I 40.0 2.0 05 - 152 o4 T g T 1800 800 sgs

20.0 2.0 0.5 15.2 0.5 39.9 798 80 8 ga 6

................. 100 .20 05 152 04 Ao 401 80.1 381
I 40.3 3.2 0.8 88.2 06 267 1036 T EBa TTTARETT

39.5 2.8 0.7 51.5 0.65 28.6 1129 80.1 34.2

40.7 20 0.5 15.2 G.4 40.2 1638 80.4 39.7

36.0 1.6 0.4 5.0 0.3 49.2 1771 78,7 351

31.8 1.2 0.3 2.0 0.25 66.4 2112 79.7 38.9

e 10025 103 015 772 2328 772 367
o 257 20 0.2 1.03 04 399 1025 TTRE TR R

40.2 2.0 0.23 583 05 39.8 1600 79.6 14.6

407 20 0.5 15.2 0.4 40.2 1636 80.4 39.7

40.7 2.0 0.8 59.0 0.45 40.9 1665 81.8 1650

................. 20082020 035 399 1624 798 5110
v 405 05205 3903 409 1656 213109

40.8 1.11 0.8 33.9 0.4 41,0 1673 455 95.7

40.7 2.0 0.5 15.2 0.4 40.2 1636 80.4 39.7

40.1 2.8 0.7 51.5 0.25 40.1 1608 1123 133.0

(2} test results

A prototype pile conditions selected as a standard for the model tests are 80 cm wide
and sufficiently long plate pile with flexural rigidity, EF of 39 MN-m?. All the test condi-
tions are listed in Table 6. The dimensions and flexural rigidity of a pile with suffix m
dencte the actual model conditions and those with suffix p dencte those for prototype. Al-
though faur series of model tests were performed, only the test series of modeling of mod-
els is reviewed here.

Modeling of models is a common practice to investigate the scaling relations by testing
structures of different scale (1/#) in different acceleration (% ¢) such that the product of
size and acceleration becomes constant. In the series on modeling of models, a standard
prototype pile is scaled down to 6 different sizes and tested in 6 different accelera-
tions. Relationships between the lateral load and the pile top displacement of all the tests
are compared in Fig. 33. The magnitude of load and displacement in this figure is those
of model scale, Hy and ypw. The curve of each test shows nonlinear relationship and
naturally differs each other. Measured values are converted into those at assumed proto-
type scale, Hy and vy, and replotted in Fig.34. The six curves coincide perfectly.

The plots of moment distributions, M, along the depth x, measured from the ground
surface in prototype scale also show perfect coincidence as shown in Fig.35. Modeling of
models revealed a perfect coincidence of the pile behavior regardless of the actual model
scale. The validity and capability of the centrifuge modeling is demonstrated.

Measured M,-x, curve is fitted by polynomial function and differentiated twice to ab-
tain the soil resistance, p and integrated twice to obtain the deflection of pile. y at an ar-
bitrary load level. The p-y relations in logarithmic scale as shown in Fig.36 are thus ob-
tained at % = 2 m. The test data suggest that the soil resistance, p is proportional to
square root of the deflection. The p-x, relations obtained in the later test series are plot.
ted in Fig.37. Soil resistance increases with depth irrespective of the difference in the ri-
gidity of the piles. This relation, p = k: x ¥*® is exactly the relation found in the early
1960’s by the large scale model tests for sandy ground®. Later, this expression is found



also applicable to the clay ground where shear strength increase with depth. Coefficient ks
of soil resistance is constant for a certain combination of pile and soils condition The
method of calculating load and deflection of laterally loaded pile based on this relationship
(PHRI method) has been adopted for long by the Japanese Technical Standards for Port
and Harbour facilities™ and the validity of the method has been confirmed at a number of
practices.

3.6 Consolidation Behavior of Soft Clay with Fabri-packed Sand Drain™-™
Vertical draing have been widely used for s_oft clay grounds to accelerate consolidation
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and to minimize residual and differential settfements. In the case in which a construction
site has an exiremely high water content, sand piles for the ordinary vertical drain
method can not stand by themselves and may fail to function as a drainage path. To cope
with the problem, fabri-packed sand drain, whichk is sand drain wrapped by an envelope
made of geotextile, is proposed as one of alternatives. The geotextile is expected to stabi-
lize the sand pile but might cause a concentration of the i pressure to the sand pile if it
has an excessively high tensile rigidity.

A series of centrifuge model tests was performed to investigate the effect of the

geotextile on the stability of the sand pile anc_i on the consolidation behavior of the im-
proved ground.

(1) test procedure

This model test was performed for the Tokyo International Airport (Haneda) Offshore
Expansion Project®” and model ground was simulated for the prototype ground condition as
much as possible. Many fabri-packed sand drains are constructed at a regular interval in
the prototype. In the model test only one drain surrounded by a soft clay deposit was
simulated for ease of model preparation. The model ground was prepared in a perspex
cylinder at a scale ratio of 1/25. The setup of the model ground is schematically shown in
Fig.38.

The modetl ground was brought to an acceleration field of 25 ¢ and allowed to consoli-
date by its enhanced self-weight. During the consolidation, the settlements at the Il sur-
face and pore water pressures within the model ground were monitored. After reaching
90% consolidation, the centrifuge was stopped to end the test. After the model ground
was pushed out from the cylinder, the deformation of the sand pile was observed. Water
contents were also measured at several points to obtain the distribution within the ground.

Seven model tests, including a case without a fabric reinforcement, were carried out
changing the tensile rigidity of the geotextiles as shown in Table 7.
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Table 7 Test Case

prototype | 1 | 17 | 2 | 3 | 4 | 5 | 6

material Polyethylene non-woven cioth
tensite rigidity (N/5 cm/%)

horizontal 18 15 15 88 1401 140 1 60 e

vertical 46 1601 t6C| 175 50 50 15 —
strength (N/5 cm/%)

horizontal 516 443 1 443 | 403 | 2930 | 29302170 —

vertical 1020 2170 (2170 | 270 (1390|1390 | 443 | —0
average verticai strain
at max. earth pressure {%) 36.1 ) 36.1 1 33.8 | 292 325 ] 311 | 293

{2) test results

Figure 39 shows time settlement curves during the consolidation in case 1. The two
curves obtained at the top of the sand pile and at the clay surface completely coincide
during the consolidation, which shows no differentia} settlement took place even in the
composite ground consisted of the soft clay and the relatively stiff sand pile reinforced by
the fabric envelope.

Figure 40 shows the development of the sand pile deformation. The sand pile started
to expand in diameter to follow the vertical consolidation settlement as long as the settle-
ment remains relatively smail. But when a large settlement takes place, the pile has a
tendency to deform like a snake to absorb the large vertical compression, Measured
elapsed times for completion of the consolidation for ali case are compared with that cal-
culated by Barron’s equation. The measured values are in good agreement with the calcu-
lated values®™. This ensures that such a heavily deformed sand pile can still function as a
drainage path, even in a non-packed case.

Figure 41 shows the stress concentration ratio against the tensile rigidity of the
geotextile in the tangential direction. In the figure, the stress concentration ratio, # is de-
fined as a ratio of the average effective vertical stress on the sand against that on the
clay. The ratio, = for the non-packed case is also estimated and plotted by a cross on
the vertical axis. It should be noted that the stress concentration of about 1.5 takes place
even in the non-packed case. Although these values scatter, the ratio increases almost
linearly with the tensile rigidity of the geotextiles.

The influence of the stress concentration on the consolidation settlement can be evalu-
ated by the equation, whose validity has been confirmed for the improved ground by sand
compaction piles®™. The influence can be estimated 2 % by substituting the stress concen-
tration ratio of 1.6 and replacement area ratio of 0.03. Therefore it can be concluded that
the settlement decreases at the Haneda site due to the stress concentration could remain
within 5% as long as the tensile rigidity dose not exceed about 200 N/5 cm/%.

The study reveals that the geotextile functions well to stabilize the sand pile in the
extremely soft clay ground. The stress concentrations resulting from the tensile rigidity of
the geotextiles evaluated are smaller than anticipated and may not cause undesirable seftle-
ment.

As the applicability of the fabri-packed sand drain is confirmed by the centrifuge
model study, the method is employed in the Haneda Project. The effectiveness of this
method, as well as the stability performance, have been confirmed at site. The consolida-

tion behavior will be evaluated soon by the field measurements and will be published else-
where,



o)
=k
oo ]
E 3
E s
ﬁ 00,
[ =
Lt
E Ml
@
= .
5 [13-3
n
100 ! | 1
1 10 Hels] 1000 10000

Time (min)

Fig. 39 Time Settlement Curves

Fig.40 Progress of the Sand Pile Deformation

A
o Horizontol
= 35
] Case | o
o« Cose 2 v
g 30 Case 3 o
5 Cose 4 =
2
= g Case 5 A
o Case 6 x
(&)
&
o 20
0
Ll
v
~ 1.5
"

1.0 i L ! | | ! ]

0 100 200 300

Tensile Rigidity (N/Bom/%)
Fig. .41 Relationship Between Stress Concentration Ratio and Tensile Rigidity



3.7 External Stability of Improved Ground by Deep Mixing Method™ ™.

Deep Mixing Method (DMM) is a kind of in-situ admixture stabilization technique us-
ing such stabilizing agent as quick lime, slaked lime, cement, or a combination of
lime, cement, slag, or gypsum. The method was invented and developed by the Port and
Harbour Research Institute to improve soft marine deposits. Due to the quick strength in-
crease and extraordinary high shear strength of the improved soil, DMM has become one
of the most effective soil improvement techniques for near-shore and off-shore construc-
tions.

The in-situ treated Japanese marine clays by DMM are characterized by a high uncon-
fined compressive strength of the order of 1 MN/m?, small strain at failure in the order
of 0.1 %, relatively low tensile strength and low permeability. Therefore the treated soil
is considered not to be a part of the ground but to be a rigid structural member buried in
the ground in order to deliver the external loads to a reliable stratum.

In the calculation of the stability of the improved ground, rigorous determination of
the stresses acting on the boundary of the buried structure is important. A series of model
tests has been carried out for the buried structure resting on the reliable sandy layer and
that floating in the soft clay. Since the details have been described in the original pa-
pers™™  only test result of the former case is presented here.

(1) test procedure

Bakelite stiff enough to model treated soil whose unit weight is 1.39 g/cm® is used to
model a rigid buried improved ground. Long walls of a model rigid buried structure
(Fig.42) is placed on the sand layer in the prescribed position in the specimen hox. Kao-
lin clay remolded by vacuum mixer is poured on the sand layer and pre-consolidated at 10
kN/cm® in a laboratory floor. Following pre-consolidation, specimen box is disassembled
to embed short walls in-between long walls. In the self weight consolidation at 50 g, short
walls are set between long walls independently from long walls so as to allow free consoli-
dation of the soft clay in-between long walls. After the consolidation, centrifuge is once
stopped to connect long and short walls tightly as it is the case of actual improvement
and to place mound and caisson in place. Acceleration is increased again and back filling
is carried out using sand hopper. Setup of model ground and specimen box are shown in
Fig.43. The measurement of the boundary stresses is carried out by earth pressure trans-
ducers and pore water pressure transducers embedded in the structure.

Fig.42 Model of Treated Soil Walls
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(2) test results

In the centrifuge tests, the depth of clay is 10 cm, the long walls reach the underlying
sand layer, the height of short wall is 3cm, the thickness of long wall is 2 cm and that of
short wall is lem. Difference is in the width of long wall; the width of long wall is 10
cm for case A and 15cm for case B. It means the factor of safety against external stabil-
ity is higher in case B. Factor of safety for sliding is 1.0 for case A and 1.4 for case B.

Measured total earth pressure (TEP) and pore water pressure (PWP) are shown in
Fig.44. TEP and PWP underneath the fill respond quickly to filling and whose magnitude
is quite reasonable in case B (Fig.44b)). However, in case A, TEP and PWP underneath
the fill respond only to first filling (Fig.44a)). As is already explained, factor of safety
for sliding in case A is around unity. Disagreement hetween applied vertical stress and
measured pressure increment in the case A seems to be due to the horizontal displacement
of the buried structure. TEP and PWP on the front of the improved ground shows negligi-
bly small increase with filling in both cases. The pressure increases with filling and de-
creases with the consolidation of the clay is shown in Fig.44c).

Change of horizontal pressures with time and change of contact pressure distributions
at the bottom of long wall are clearly shown in Fig.45. Contact pressures at the bottom
of long walls are calculated by assuming that the buried structure is rigid and it seats on
the elastic springs. The calculated contact pressure distribution based on the horizontal
component of earth pressure (solid line in Fig.45 for U=100 %) is steeper than measured
one. This is because no account was taken for the vertical component of earth pressure
from the fill, shear stress induced in the clay layer on the surface of a improved ground
to restrain the rotational movement at the instance of loading, and the negative skin fric-
tion in the long run. Contact pressure distribution taking account of vertical component of
earth pressure of the fill material and the negative skin friction acting on the treated soil
walls is shown by dotted line in Fig.45 also for U=100 9%.

From the study, it is know that the design load condition is sensitive to relative
movement of a treated ground to surrounding soft soils.
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4. Coneluding Remarlks

Over 14 years the centrifuge at PHRI has been used continuously to investigate a wide

range of geotechnical problems. And to date, most part of the researches are on the
maodel formed of remolded soil, but our achievements with remolded soil are important to

investigate failure processes, soil-structure interaction, behavior of complex seoil systems
and so on,

PHRI belongs to the Ministry of Transport which is responsible for the design and

construction of port and airport facilities. Great demands exist to simulate not only ideal
prototype-scale structures but also the site specific prototypes. The challenging but fairly

difficult field of centrifuge application will be one of the major subjects of the PHRI Mark
II centrifuge in near future.
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List of symbols

: cross sectional area of the model foundation base
: foundation width

Cu N
Dhe:
D
: load eccentricity

: reduction ratio of bearing capacity in eccentric loading
: horizontal load component

: moment load component

: stress concentration ratio

: bearing capacity factor

: soil resistance

: uniformity coefficient

: vertical load component

: horizontal displacement

: vertical displacement

: angle of internal friction

undrained shear strength at the ground surface
effective grain size
relative density
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