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Synopsis :

~This "p'r‘oce'ed‘ings include the results of the Fifth:‘j‘U.‘S‘nJapah Workshop on Geotechnical
Earthquake Engineering. The Workshop was held at the Public Works Research Institute
on September 28 and 29, 1998 ‘ :
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FOREWORD

The proccedings include the results of the fifth U.S.-Japan Workshop on Geotechnical
Earthquake Engineering, subtitled as Soil Dynamics Studics by Use of Centrifuge.
The workshop was held at the Public Works Research Institute on September 28 and 29,
1998, under the auspices of Task Committee H, Soil Behavior and Stability During
Earthquakes, UJNR Panel on Wind and Scismic Effects.  The workshop was jointly
coordinated by both Japan and US side chair person of Task Committee H, Mr. O.
Matsuo, Head of Soil Dynamics Division of Public Works Research Institute and Dr M.
Hynes, Chicf of Earthquake Engineering and Geoscience Division of USAE Waterways
Experiment Station.  This workshop was co-sponsored by the Public Works Rescarch
Institute and a grant-in-aid of the Tsukuba EXPO’85 Memorial Foundation.

A total of forty five rescarchers, nine from U.S. side and thirty six from Japan side,
participated and 17 papers were presented during the workshop.  The following topics
were addressed;

(a) Liquefaction of ground

(b) Damage of structures due to ground liquefaction and remedial treatment and

(c) Dynamic behavior of earth structures.

The workshop provided fruitful opportunity to exchange information and experiences
on the geotechnical dynamic centrifuge modeling.  One of the most heatedly discussed
topic during sessions was the liquefaction induced lateral spreading and interaction
between liquefied soil and structure.  The application of centrifuge modeling to new
research field including the environmental geotechnical engineering and fluid
mechanics, were also thoroughly discussed.

I wish to express my profound gratitude and sincere appreciation to all participants in
the workshop for supporting the workshop with active presentations and discussions.

Osamu MATSUO

Head, Soil Dynamics Division

Earthquake Disaster Prevention Research Center
Public Works Research Institute

Ministry of Construction

October, 1998
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ABSTRACT

SOIL LIQUEFACTION, LATERAL SPREADING
AND EFFECTS ON FOUNDATIONS

R. Dobry, T. Abdoun, V. Taboada, L. Liu,
M. Okamura, M. Sharp, and R. Ramos

The presentation focuses on seismically-induced liquefaction effects modeled in the last
few years in the 100 g-ton RPI centrifuge located in Troy, NY, USA. All centrifuge tests
involved in-flight shaking with various input acceleration time histories, and the lateral
spreading tests used the RPI laminar box inclined a few degrees to the horizontal. In these
lateral spreading tests, in addition to accelerometers and pore pressure transducers
embedded in the soil and vertical LVDTs at the ground surface, lateral LVDTs on the
flexible walls of the laminar box allowed measurement of both cyclic and permanent
lateral displacements of the soil mass. Fine, uniform Nevada sand, placed at densities
ranging from loose to dense, and saturated either with water or with a viscous fluid, was
used in all tests.

Centrifuge results and associated engineering interpretations discussed cover the
following systems:

) response of a shallow footing on liquefiable and improved ground;

(ii) lateral spreading of sloping clean loose sand for various ground slopes,
soil relative densities/permeabilities/degrees of overconsolidation/degrees
of preshaking, and a range of input accelerations and frequencies
including the effect of weaker shaking following the main shock;

(i)  centrifuge modeling of the Cone Penetration Test (CPT) through three
combinations of cone diameter and g-level, and its use to characterize the
soil at various relative densities and degrees of overconsolidation and
preshaking, as well as to predict lateral spreading effects; and

(iv)  effect of lateral spreading of 2- and 3-layer profiles on bending moments
of pile foundations, with the piles instrumented with strain gages to
measure bending moments, and with the tests covering single piles, pile
groups, countermeasures, and constraining effect of bridge deck
longitudinal stiffness.



MECHANISM OF LIQUEFACTION-INDUCED LARGE GROUND DISPLACEMENT

M. Hamada -
Waseda University,
K. Wakamatsu A
'Ihc Umversxty of Tokyo, Japan

ABSTRACT: The authors mvcsngated mto al mechamsm of hqucfacuomnduced Jarge
displacement of sloped ground based on case studies on the occurrences during past earthquakes
such as the 1964 Niigata carthquakc and others, shaking table tests of the flow of model grounds
referring to a similitude law as viscous liquid and theoretical analyses. The followings were
obtained as key characteristics of thc flow of liquefied soil., .
| 1) From tbc case s’tudxes it was. concludcd that the magmtude of thc hqucfachon—mduced

ground dlsplaccmcnt in the honzontal dlrccuon was mamly govcmcd by gradient of ground
surface and thickness of hqucﬁablc soil laycr MR

. (2) From a test on external forces on a: model plle in ﬂowmg hqucﬁed gmund, it ‘was
found that the liquefied soil behaved as a liquid during the ground flow. - »

(3) A similitude law determined by.Reynolds’ number can be: apphed bctwccn model
ground ‘and- actual ground. . In- this regard, the - veloclty ‘of ground flow: and-the coefficient of
apparent ‘viscosity “of liquefied soil are propértional to' the -square ‘root of -the hqueﬁed soil

thickness, and the square root of the thickness cubed, respectively.
Finally, based on the case studies the model tests and the smlhtude law, authom

proposed a semi-empirical and semi-theoretical formula for estimation of horizontal
dlsplaccment of sl6ped grouid, where ‘gradiént ‘of ground surface; the thickness of liuefied soil
and SPT N-values were taken into conmdcranon as governmental factors to'the magnitude of the

grounddxsplacemcnt. L




5™ US-Japan Workshop on Geotechnical Earthquake Engineering
Soil Dynamics Studies by Use of Centrifuge, Tsukuba, September 1998

Modelling Slides Due To Flow Liquefaction

R. Phillips
C-CORE, St. John's, NF, Canada

Flow liquefaction can occur in saturated loose sands and is characterised by a large strength or
stiffness loss resulting in substantial deformation or a flowslide. Such gravitational flowslides were
induced in a series of centrifuge model tests by rapid monotonic load increments as part of
CANLEX. A finite difference numerical model, calibrated against laboratory element test data,
captured the essence of the observed response of the centrifuge tests in terms of pore pressure rise
and deformation pattern. Both modelling techniques were used to successfully predict the response of
a similar subsequent field event.

The Canadian geotechnical engineering community is continuing a major sand liquefaction study
entitled the Canadian Liquefaction Experiment (CANLEX) through the collaborative efforts of
industry, engineering consultants and university participants and with support from the Natural
Sciences and Engineering Research Council of Canada (NSERC). The study examines the
characterisation of sand for dynamic and flow liquefaction. CANLEX has comprised four phases
since 1993. Phases 1, 2 and 4 were concerned primarily with characterisation of loose sand to
determine its insitu state and elemental stress/strain response. The purpose was specifically to
evaluate triggering resistance, residual strength and liquefaction induced displacement under static
and earthquake loading conditions. These field characterisations were of hydraulically deposited oil
sand tailings at the Syncrude Canada Limited site, Alberta; naturally occurring sands in the’Fraser
River Delta, British Columbia; and hard rock tailings from the Highland Valley Copper Mine, British
Columbia respectively. In Phase 3 a controlled liquefaction field event was attempted at a Syncrude
tailings disposal site with the purpose of statically triggering a liquefaction flow slide by rapidly
loading a loose saturated sand deposit. Numerical modellers predicted the response of this full-scale
event and compared the numerical response with the field measurements.

The scope of the CANLEX project included centrifuge model testing of flow liquefaction in Phases 1
and 2. These tests aided in the design of the Phase 3 field event and allowed for the calibration of the
numerical models. They would also have served as a substitute for the field event in the scenatio that
a field event was not possible or not conducted.

- The Phase 1 tests provided a flowslide of a 16° submerged slope of oil sand tailings at a relative
density of about 21% to show the feasibility of creating a flow liquefaction by centrifuge model
testing. Phase 2 comprised five further centrifuge tests. The first 4 tests were of a potential
liquefaction event scenario, which comprised a partially saturated 5m high embankment overlying a
10m thick saturated sand layer. Rapid heightening of the embankment was expected to cause flow
liquefaction in the underlying sands. Model tests II-1 to II-3- were homogenous and tested at 29%,
40% and 50% relative density respectively. Model test TI-4 was a similar geometry but the
embankment was at about 49% relative density and the sand layer was at about 25%. Rapid
heightening of the embankment was simulated by sequentially lowering two 60 kPa steel surcharges
onto the embankment crest. Flowslides were observed in 2 of these 4 tests, that is in model tests II-1
and II-4, with deep-seated lateral movements occurring throughout the models.

A fifth test simulated the actual liquefaction event of a compacted clay tailings impoundment dyke
on a saturated sand layer at about 27% relative density. The sand used in all these tests was moist fine
sub-angular to sub-rounded oil sand tailings supplied by Syncrude Canada Limited, The pore fluid
was Canola vegetable oil with @ dynamic viscosity of 57 centipoise. Three differept numerical
analyses were conducted of these centrifuge model tests. The finite difference analysis, calibrated
against laboratory element test data, captured the essence of the observed undrained response of the
centrifuge tests in terms of pore pressure rise and deformation pattern. :
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Prediction of Seismic Behavior of Embankment

Founded on Liquefiable Soil

A.Yashima (Gifu University)

O.Matsuo and T.Shimazu (P.W.R.I,, Ministry of Construction)

R.Uzuoka, M.Mihara and K.Nishi (Hlazama Corporation)

Topics
Analytical method

Simulations for laboratory tests

Simulations for'damaged dikes

Conclusions

Analytical method

m LIQCA ( Okaetal. 1994)

m Coupled method
Two phase mixture theory

u - p formulation
(displacement of the solid phase - pore water préssure)

m Discretization method
Spatial discretization
+ FEM for the equilibrium equation
+ FDM for the continuity equation
Time discretization
+ Newmark’s -method

Simulations for dynamic centrifugal tests

Topics

® Verification of the analysis method
Laboratory tests
Dynamic centrifugal model tests
Damaged dikes
® Dynamic behavior of an embankment and a
foundation ground
Stress and strain state under the embankment
Stress distribution in the embankment
Settlement of an embankment with relation to ;
¢ Type of a seismic motion
+ Soil profile

Analytical method

m Constitutive model for sand
(Oka et al. 1992, Tateishi et al. 1995)
The elasto-plastic theory
The non-associated flow rule

The concept of the overconsolidated boundary
surface

The non-linear kinematic hardening rule
The generalized flow rule

Plastic strain dependence of the plastic and elastic
shear moduli



Analytical method

m Constitutive model for clay
(Oka 1992)
The elasto-viscoplastic theory
The overstress type flow rule
The concept of the overconsolidated boundary
surface
The non-linear kinematic hardening rule

Performance of the model

® Cyclic torsional shear tests for sand (K,=0.5)
The vertical strain is constrained. ’
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Analytical cases
® Laboratory tests

Cyclic torsional shear tests for sand under different
boundary conditions
Triaxial tests for clay at different loading rates

m Dynamic centrifugal model tests

(Koseki et al. 1994)

Soil embankment founded on liquefiable sandy
ground
Various Input motions

m Case records

Damaged dikes at Shiribeshi-toshibetu River during
the 1993 Hokkaido Nansei-oki Earthquake

A seriously damaged site and a non damaged site

Performance of the model

m Cyclic torsional shear tests for sand (K3=0.5)
The vertical strain is constrained
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Performance of the model

m Cyclic torsional shear tests for sand (K¢=0.5)
The vertical strain is not constrained
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(c) Shear stress - vertical strain relations

Performance of the model

m Triaxial tests for clay at different loading rate
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Performance of the model

m Triaxial tests for clay at different loading rate
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Dynamic centrifugal model tests
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Dynamic centrifugal model tests

W Test cases and ¢onditions
m Input motions

Centrifuge | Shaking Input Drof sand -

. Case acc.(g) |. waye: ace. (g) layer (%)
C- 30 Sinugoldal 4.0 573 .
C-2 30 ] 100Hz .54 62.

C-) 30 - 20 cycles .9 59.
Cc4. 30 Trregular .0 60.2
C-5 30 wave . .3 60.
C-6 30_. 43 62.9

Tioe (s¢¢)

' (a) Sinusoildal wave in Case C-2

i 2 2 " 2 : y - ) n
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(b) Earthquake wave in Case C-4

Analytical results =

m Time history of acceleration response in Case C-2
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Analytical conditions

B Model parameters
The elasto-plastic model for sand
(the embankment, the ground)
The parameters were deterinined based on ;
+ measurements during preparatxon of the test
models,
+ past laboratory tests on the sarne material as the
centrifugal tests,
® Other numerical conditions
On prototype scale in the 1g field
Initial stress conditions calculated by the static
elasto-plastic analysis 7
* Rayleigh’s damping proportional to stiffness

Analytical results - -

- - Time history of excess pore pressure in Case C-2
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Analytical results

® Time history of crest settlement in Case C-2
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Analytical resuilts

m Behavior of stress and strain in Case C-2
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Analytical results

® Behavior of stress and strain in Case C-2
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(c) Horizontal cffective stress - vertical ¢ffective stress relations

Analytical results

m Relation of input acceleration and settlement
Crest settlement (D1) for experiments
Crest and ground surface for simulations

—m— Exp, (ierégular shaking) - D1
- E.xp (sinusoidal shnk.i_hg) -D1.
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Analytical results

m Distribution of excess pore water pressure
ratio in Case C-2
m Deformation after shaking in Case C-2
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Damaged dikes o
m The 1993 Hokkaido Nansei-oki Earthquake
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Analytical results

™ Excess pote water pressure ratio
Case : C-2 (sinusoidal shaking)
Output times : 0.0, 1.0, 2.0, 3.0 seconds

Damaged dikes
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Damaged dikes

m Soil profiles

260m River side Elcvauon (m)
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{3 :Sandy soil layers

Notes (N, Do, Fc)
N : Averaged SPT N-values (blows/0.3m), Do Averaged mean
grain size {mm), Fc : Averaged fines content (%)

: Clay layers {7 ] : Peatlayess

Analytical conditions

| Liqucfaction' strength

" Aca-exp. ......... Aca-sim.
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Analytical conditions

® Model parameters

The elasto-plastic model for sandy layers and the
embankment

The elasto-viscoplastic model for clay and peat
layers

The parameters were determined based on ;
+ In-situ tests ( SPT-value, Vs)

+ Laboratory tests with undisturbed samples
(characteristics of dynamic deformation and
strength)

m Other numerical conditions

Initial stress conditions calculated by the static
elasto-plastic analysis

Rayleigh's damping proportional to stiffness

Analytical conditions

® FEM models

(Unit: m)

- Froe tiekd ; Attachéd wide slements which express ons dimensional response



Analytical conditions

®m Input motions

Deconvoluted waves from measured waves to the
base layer at Suttsu

Maximum : 1489 g}
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Analytical results

m Distribution of excess pore water pressure
after earthquake

(a) at No.1 site

(b) at No.2 site
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Analytical results

m Distribution of maximum acceleration
response
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Analytical results

m Deformation after earthquake
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Analytical results

m Deformation after earthquake at No.1 site
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Conclusions

m The method provided good simulation of the

soil and structure’s behavior ;
the buildup of excess pore water pressure
the settlement of the embankment.

m There was a non-liquefied area under the
embankment. The soil’s behavior of this area
was affected by how the initial anisotropic
stress varies spatially and when the free
ground liquefied.

m The existence of a cohesive soil layer near the
ground surface affected the deformation of the
embankment. The modeling for clay layers is
as important as it for sandy layers.

m The failed configuration of the embankment
was -affected by the behavior of the foundation
ground, especially near the surface,
underneath the embankment.
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A study of seismic effects on retaining walls and
philosophies behind centrifuge modeling

Hon-Yim Ko! and Mandar M. Dewoolkar?

Abstract

The basic principle behind centrifuge modeling testing is to create a stress field in the model
that simulates prototype conditions to allow observations to be made than can otherwise only be
made on full scale prototypes. With this principle, there are four different philosophies that can be
adopted in using centrifuge modeling to address different problems in geotechnical engineering.
The philosophies include : modeling of real or hypothetical prototypes, investigation of new
phenomena or concepts, conducting parametric studies, and validation of design, analytical,
and numerical methods. In the absence of prototype results, different scaled models of the same
prototype can be tested at corresponding g-levels, and if the results are internally consistent, their
model behavior can be extrapolated to prototype response using the scaling relations involved.
This concept is known as modeling of models.

Seismically loaded retaining walls with liquefiable backfills is a complex dynamic-soil-fluid-
structure interaction phenomenon. At the University of Colorado at Boulder, a comprehensive
study was conducted to investigate seismic behavior of retaining walls with saturated backfill.
All four philosophies of centrifuge modeling were addressed in the investigation.

Aluminum model walls simulated hypothetical, fixed-base, prototype reinforced concrete
walls. A substitute pore fluid, metolose, was used to obtain a common time scale. Pertinent
scaling relations were verified through a modeling of models study. Also, modeling of models
was conducted on the wall models with water-saturated backfills.

A new concept was observed from the experimental results which was also verified through
numerical simulations. It was demonstrated that a false appearance of modeling of models can
be obtained with water depending on the type of the model, intensity of base input motion, and
drainage boundary conditions.

Parametric studies were performed. Parameters included intensity of base input motion and
flexural stiffness of retaining walls.

Finally, experimental results were used to evaluate existing design methods and to verify
the finite element program DIANA-SWANDYNE II. Parametric studies were performed using the
verified numerical code. Based on the experimental and numerical results, a more appropriate

design method was suggested.

1: Préfessor, University of Colorado at Boulder, U.S.A.
2: Research Associate, University of Colorado at Boulder; U.S.A.



Seismic Performance of Rigid Retaining Walls
by
‘Osamu Matsuo, Tatsuya Tsutsumi and Yukiko Saito
Soil Dynamics Division, Public Works Research Institute, Ministry of Construction
Asahi-1, Tsukuba, 305-0804 Japan

ABSTRACT

Shaking tests of rigid retaining walls were performed in centrifuge. Gravity-type retaining walls
and cantilever retaining walls were tested by applying base acceleration of sinusoidal waves and
real earthquake waves. The relationship between magnitude of input acceleration and
displacement, earth pressure acting on the walls, were investigated. Experimental results were
compared with conventional seismic design with regard to earth pressure and seismiic
displacement.

INTRODUCTION o
Seismic design of rigid retaining walls in Japan has been performed by using conventional
pseudo-static design procedure, so called the seismic coefficient method. In ‘the design procedure,
the magnitude of seismic earth pressure acting on walls .is estimated based on the
Mononobe-Okabe earth pressure formula, Okabe (1924) and Mononobe and Matsuo (1929), and
the stability of retaining walls are examined agamst slldmg, ovenummg and bearmg capacity
failures. Due to its simplicity, the method has been widely accepted in practice.. However the
design procedure has the following limitations: -

(1) It cannot consider the amount of displacement mduced by eaﬂhquakes Therefore it -is
difficult to' be incorporated into the performance based design: prOCedure C

(2) Relationship between the value of selsmlc coefficient and the magmtude of antlclpated'
earthquake motion has not been cleared ‘yet. - o
After the 1995 Hyogoken Nanbu earthquake, seismic design criteria and Speciﬂeetidns for various
engineering structures in Japan have been reviewed so that they are capable of considering the-
level 2 earthquake in the desngn Earth structures mcludmg embankments and retammg walls are
not the exception. » -

In the experimental study presented here, ‘seismic’ “stability - of the retammg Walls that were
designed based on the existing design manual, the Japan Road Assoexatlon, 1987, were

investigated.

DESIGN OF MODEL RETAINING WALLS

Gravity type and cantilever type retaining wall models were designed according to the existing
design manual in which active earth pressure acting -on the wall is. computed from the.
Mononobe-Okabe earth pressure formula and the stability of the wall is examined with respect to
sliding, rotation and bearing failure. The manual (Japan Road Association, 1987) specifies that,




for important walls or walls exceeding 8 m in height, the safety factor against sliding should be
more than 1.2, the safety factor against bearing capacity failure be more than 2, the resultant
force acting at the base plate be within the double middle-third, under a standard seismic
coefficient of 0.15.

A friction angle, ¢, of 41 degree was used for the backfill soil that were obtained from triaxial
compression test. Interface friction angles, 6 , between the wall bottom and the foundation soil,
and between the wall and the backfill soil were set to 2/3 ¢ and 1/2 ¢, respectively, according to
the manual.

Relationships between seismic coefficient and factor of safety for the designed retaining wall
models are presented in Fig. 1. This figure shows the result of the cases in which dry Toyoura
sand was used for backfill soil with a relative density of 80 % with no raising embankment.

TESTING PROCEDURES
A series of the shaking tests were conducted by using the PWRI's large scale centrifuge, Matsuo
et al.(1998) . Configurations of the models are shown in Fig. 2 and the test conditions are
summarized in Table 1. In a rigid container with an internal dimensions of 150 ¢m long, 50 cm
deep and 30 cm wide, dry Toyoura sand was rained to form foundation soil of 10 cm deep with a
relative density of approximately 80 % with an exception of Case 2 (Dr = 61 %). A model
retaining wall with a height of 30 cm was placed on the foundation soil and the sand was
pluviated again to form backfill behind the wall. Relative density of the backfill was the same as
that of the foundation soil. In only Cases 10 and 13, Toyoura sand with a water content of 5 %
was compacted to form model ground with a relative density of approximately 60 %.
Accelerometers were embedded at the predetermined positions - intermittently during the model
preparing process. On the bottom and side of the wall models, a total of ten or twelve load cells
were built in the gravity type and cantilever type wall models, respectively, which could measure
normal and shear forces. ' : ~

The tests being carried out at 30 g centrifugal acceleration, the models are equivalent to
prototype walls of 9 m high, except for Cases 5 and 14 (centrifugal acceleration: 60 g, prototype
wall height: 18 m). The models were excited horizontally with the Kobe wave for Case 3, the
Aomori wave for Case 4 and approximately sinusoidal wave with 20 uniform cycles of 60 Hz for
other cases. The time axes of the two  earthquake time histories were scaled so that the
predominant frequency becomes 60 Hz, see Fig. 3. Shaking test was repeated several times for
each model, with increased acceleration level, until the wall exhibited significant displacement.

TEST RESULTS :
In the following, test results are shown in the: prototype sense otherwise mentioned.

Modes of Deformation
Figures 4 and 5 show photographs taken after shakmg tests in Cases 6 and 7, respectively. It can

be clearly observed in Case 6 of gravity type retaining wall that:the wall displaced and tilted
forward ‘and‘ an ‘active soil: wedge with apparent slip surface déveloped :in-the backfill after



shaking event of 0.34 g (amplitude of the input acceleration) . The angle of the slip surface to the
vertical was about 46 degree which is close to 45.9 degree predicted from well-known
Mononobe-Okabe approach (Okabe, 1924; Mononobe and Matsuo, 1929) with the peak input
acceleration and an angle of shearing resistance of 41 degree. After the shaking event of 0.43 g,
another slip surface with slightly gentler slope was formed. Also the foundation soil at the toe of
the wall exhibited bearing capacity failure, resulting in tilting of the wall. The deformation modes
for Case 7 of cantilever retaining wall are presented in Fig. 5. The mode is virtually similar to
that of Case 6, except that two slip surfaces developed in the backfill both originating from the

heel of the wall.

Input Acceleration vs, Displacements
Figs. 6 and 7 plot relationship between the magnitude of input acceleration and horizontal wall

displacement, for the gravity type and the cantilever type retaining walls, respectively. In the
figures, the horizontal wall displacements are the incremental ones measured at the top of the
walls and are normalized by the wall height. :

The following can be observed in Figs. 6 and 7 by comparing the data with each other.

(1) Amount of displacement increased when relative density of the foundation and backfill soils
decreased (compare Cases 1, 2 and 10).

(2) The walls in Cases 3 and 4 subjected to real earthquake motion experienced smaller
displacements than in Case 1 subjected to sinusoidal input motion when compared at the same
acceleration amplitude. This result is easily understood as that the sinusoidal wave of 20 uniform
cyclées had more effect on developing permanent deformation than the earthquake waves shown

in Fig. 3 with the same amplitude.
(3) The wall in Case 8 in which the height of backfill was increased to 11.4 m exhibited larger

displacement than that in Case 1 with a backfill height of 9 m.
(4) The walls of 18 m high in Cases 5 and 14 gave a smaller displacement ratio than that of 9

m high in Cases 1 and 7.

Seismic Earth Pressures

Earth pressure-distribution :
Earth pressure acting on-the wall side and soil reaction acting on the wall base were measured by

using ‘two-directional load cells; normal and shear loads. In Fig. 8 are presented distribution of
normal earth pressures measured for the Case 1 wall. In the figures, (a) plots maximum- earth
pressures at each point during each shaking step, and (b) the residual pressures. In the figures
showing earth pressures acting on the wall side are inserted active earth pressure dxstnbutlon at
rest that was obtained by using the Coulomb earth:pressure theory. - -

The following are pointed out from Fig. 8(b): g |

(1) At the initial condition, earth pressure acting’ on the wall snde is close to the active
theoretical earth. pressure at rest-at the upper part, but: far less than the theoretical one at:the
lower part.-Such a small earth pressure measurement at the lower part. might be due to arching

e e iy,
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action caused by friction at the wall face. Or it might be related to the fact that the horizontal
displacement of the wall during application of centrifugal acceleration was larger at the bottom
(S3), 0.09 % of the wall height, than at the mid-height (S10), 0.02 %.

(2) The earth pressure distribution acting on the wall side is getting to converge to the
theoretical active earth pressure in the last two shaking steps, at which considerable displacement
was developed in the wall, see Fig. 6.

(3) At the initial condition, normal earth pressure at the base plate is large near the heel and
small near the toe, i.e., the center of resultant force is biased to the heel side. Due to
accumulation of shaking steps, the point of resultant force is moving forward, which is
qualitatively consistent with the change of earth pressure distribution on the wall side.

The following are pointed out from Fig. 8(a):

(4) Seismic incremental earth pressure acting on the wall side increases as the increase in the
magnitude of input acceleration and the increment is getting larger with depth.

(5) Fluctuation of soil reaction stress on the wall base due to shaking, which can be read by
comparing figures (a) and (b), is much larger near the toe than near the heel. This suggests that
the center of rocking motion exists at the heel side. Y

The shearing stresses on the wall side and bottom, though not presented here, tended to increase
with accumulation of shaking steps.

Comparison with the Mononobe-Okabe earth pressure :

Fig. 9 plots the relationship between horizontal earth pressure coefficient measured at the
mid-height (load cell No. S10, see Fig. 2) and the bottom (S3) of the wall side and the wall
displacement for Case 1. Also marked by the:dofted lines are the active earth pressures based on
the Mononobe-Okabe theory, where experimentally. obtained shearing soil friction angle, ¢ = 41
degree, and friction angle, & = 0 degree, between concrete face -and soil, assumed, were used. The
following are observed in Fig. 9. :

(1) ‘The peak earth pressure does not agree with the theoretlcal one.

(2) The peak earth pressure tends to converge to the theoretlcal one with the increase in the wall
displacement. : :

Fig. 10 shows the relationships between the amplitude of -input acceleration and total seismic
earth pressure coefficient, for sinusoidal shaking (Cases 1 and 6, Fig.(a)) and real earthquake
shaking (Case 3, Fig. (b) ; Case 4, Fig.(c)). The total seismic earth pressure was obtained as the
maximum value of the total earth pressure time history for each shaking step. Also plotted in the
figure are the theoretical seismic earth pressures that were computed by using ¢ » = 41 degree
(peak shear strength);¢ = 35 degree (residual  shear - strength) and¢ « = 30 degree
(conventionally used design value) , and § = 0 degree, and also- a seismic coefficient equated with
the peak input acceleration divided by the centrlfugal acceleranon The following may be pointed
out in the figure: : : : :

(1) The experimental data are roughly close to the theoretlcal ones - corresponding to ¢ b or¢ ‘.
(2) In: case of sinusoidal shaking, Fig.(a);, and the ‘Aomori record shaking, Fig.(c), the
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experimental data seem to get closer to the theoretical value for ¢ . rather than that for ¢ »,
when the input acceleration increases. This might coincide with the finding by Koseki et al,, 1997.
However, in case of the Kobe record shaking, Fig. (b), it is not the case. The exceptional trend
of the earth pressure increase with the increase in input acceleration for Case 3 is considered to
be due to the fact that the response acceleration amplification at over 0.5 g shaking was less than
the other cases,

It should be noted regarding Figs. 9 and 10 that the peak seismic earth pressure may not be
occurring when the backfill soil is in an active failure state or when the wall is displacing
forward, and the base input acceleration not but the response acceleration of the backfill soil
was used in computing the theoretical active earth pressure. Thus further analyses are left to be
tackled for these points.

DISCUSSION ON THE CONVENTIONAL PSEUDO-STATIC DESIGN

It is of great interest for most engineers to know how well retaining walls perform during strong
earthquakes that is designed based on the conventional design method. In the following, this
point is discussed by using the test results of gravity retaining walls.

According to the result of stability analysis as already presented in Fig. 1, the sliding mode is
most critical and the critical seismic coefficient, k. ., that yields a safety factor of unity is 0.22,
while seismic coefficient that yields a safety factor of 1.2 is 0.16. Minimum safety factor of 1.2
against sliding has been specified in most of the seismic design codes in Japan. Therefore, one
can state that the model retaining wall was designed against a design seismic coefficient, ka, of
0.16. ' .

It can be seen in Fig. 6 that the retaining wall with ks = 0.16 can sustain against carthquakes
with a peak acceleration of at least 0.3 g, with negligible deformation. According to the concept
of performance based design philosophy, structures are generally assigned a certain amount of
allowable displacement or deformation depending on factors including the structures' function,
importance, level of design earthquake and so on. In Fig. 6, for example, if the retaining wall is
allowed a horizontal displacement equal to 2 % of the wall height (18 cm), then the wall can
sustain up to 0.35 g PGA for sinusoidal motion (Case 1), up to 0.5 g PGA for the Aomori
record (Case 4), and up to 0.55 g PGA for the Kobe record (Case 3), respectively.

As discussed in the above, the relationship between the design seismic coefficient and the PGA
depends on the allowable displacement. Fig. 11 shows the relationship between the ratio of
design seismic coefficient to PGA and allowable displacement. The figure was reproduced from
Fig. 6 and design seismic coefficient of ka = 0.16 was used, except ka = 0.12 for Case 2. This
figure suggests that the smaller the allowable displacement, the larger the design seismic
coefficient to be adopted, and vice versa. Also the ratio of design seismic coefficient to PGA
divided by gravitational acceleration is smaller for real earthquake acceleration than for sinusoidal
acceleration. Further, the ratio for the Kobe record is smaller than that for the Aomori record.
The difference in the ratio is strongly related to the input: acceleration characteristics. In Fig. 3,
the number of major pulses appearing in’ the time histories is getting smaller in the following




order: sinusoidal wave, Aomori wave and Kobe wave. This coincides well with difference in
induced displacement,
Lastly, an example problem is given in order to visualize the relationship between the design
seismic coefficient and the PGA. In Fig. 11, if the Kobe record with a PGA of 0.8 g were
adopted as a design earthquake and the allowable displacement of the retaining wall were set as 3
% of the wall height, then the ratio is given as:

ka/(PGA/g) = 0.25.
This gives the design seismic coefficient as:

ke =0.250.8

= (.2,

CONCLUSIONS

The paper presented a part of the experimental results on seismic performance of rigid retaining
walls. Although the data has not been fully examined and analyzed, the following conclusions are
derived,

1. Magnitude of earthquake-induced displacement depends not only on the peak ground
acceleration but also on the time history characteristics of input earthquake motions.

2. Retaining walls that are designed by the conventional pseudo-static approach with a specific
seismic coefficient, ka, can sustain against earthquakes with PGA much larger than ka times
gravitational acceleration, g. For example, gravity retaining walls that are designed so as to
satisfy a minimum safety. factor of 1.2 with ka -= 0.2 may only experience as much displacement
as 3 % of the wall height when excited by the Kobe accelerogram with a PGA of 0.8 g.

3. Total seismic earth pressure acting on the wall from the backfill soil was close to the active
earth pressure based on the Mononobe-Okabe theory. However, the distribution along the wall
height were different from the theoretical one.
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Table 1 Test conditions

Case | Wall type | Wall | Embankment | Relative density | Water Input waveform* | Maximum input acceleration* Centrifugal
No. o height* |  height* of backfill | content | acceleration
(m) (m) (%) (%) , (gal) @
1 Gravity 9 9 82 0 Sinusoidal 68, 96, 185, 299, 309, 372, 422 30
, ' ' 2Hz, 30cycles »
2 Gravity 9 9 61 0 -Sinusoidal |78, 206, 310, 448 30
.. 2Hz, 30cycles
3 Gravity 9. 9 82 0 “Kobe wave 93, 167, 242, 252, 350, 480, 30
. e ' fp=2Hz** 542, 676,.702
4 Gravity | -9 9 83 0 -Aomori wave | 92, 232, 261, 359, 408, 497, 30
o fp=2Hz** 536 . . ,
5. Gravity - | 18 . 18 - 84 0 - Sinusoidal 87, 167, 271, 296, 349, 429" 60
L | 2Hz, 30cycles : '
6 Gravity: | -~ 9 9 83 0 Sinusoidal 345, 431 30
R 2Hz, 30cycles
8 | Gravity | 9 1.4 77 0 Sinusoidal | 233, 333,433 30
.. _ 2Hz, 30cycles '
10 Gravity 9 .9 57 5 " Sinusoidal 210, 350, 433. 30
| B ' ~ 2Hz, 30cycles B
7 | Cantilever | . 9 9 82 0 " Sinusoidal | 109, 187, 294, 415 30
R e 2Hz, 30cycles ,
12. | Cantilever | 9 11.4 80 0 Sinusoidal 217, 333, 417 30
I 2Hz, 30cycles '
13 | Cantilever 9 g 54 5 Sinusoidal 217, 333" 30
2Hz, 30cycles
14 | Cantilever | 18 18~ 81 0 Sinusoidal ~ | 192, 192, 333; 417, 450 60
2Hz, 30cycles

*in prototype scale

**predominant frequency
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The dynamic geotcchnical'centrifﬁge at PWRI

O. Matsuo, T. Tsutsumi, K. Kondoh & S. Tamoto

Public Works Research Institute, Ministry of Construction, Tsukuba, Japan

ABSTRACT: ‘A geotechnical centrifuge with“a'radiu 6£'6:6'm has been devéloped at the Public Works
Research Institute, Japan, This is the third centrifuge in PWRI. The main features of the equipment are; a
radius of 6.6 m, an earthquake capability of 40 g-ton, and double swing platforms to enable clay

consolidation preparation at a same time.

1 INTRODUCTION

The Public. Works -Researchi: Institute (PWRI)

constructed. its first-geotechnical centrifuge -with: a
radius-of .125 .m in::1961 for- use  in- earth. dam
stability studies.::: With -increasing needs -of
geotechnical i earthquake: - studies, --the :.sécond
centrifuge with a radius of 2.0 m was introduced: in
1987 with a mounted shaker with a shaking
capacity of 4 g-ton. This machine has been used
for studies of liquefaction, 'seismic slope stability,

soil-improvement techniques; tunnel excavation;:étc.

Due imainly: 0. the “experimental ‘ease - comparéd
with-full-size tests-or model: shaking table tests, its
oOperational : atio' has: been nominally 100.:% for

L

1k

s

these years. .

«:“The. Hyogoken: Nanbu earthqiiake, January: 17,
1995, that - hit the ~densely : populated -area : caused

-devastating damages to human lives and properties.
~It -also -demonstrated -~ various -‘earthquake

geotechnical problems.Inimediately after: the. quake,

-the ~PWRI,.::the::Ministry. iof - Construction

headquarters and the. -Government.; decided -to

. construct a-new.‘centrifuge : facility: with a:primary

purpose of geotechnical earthquake - studies: The

PWRI:initiated basic-and: detailed-'design-works in
- May;1995: Construction -ofi/the: machine -arid: the
~fagility ‘started:in-March, 1996. and:completed -in

March 1997 s e e

[RETE A

geotechnical centrifuge . . . -
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(unit : mm) Table 1. Specifications of centrifuge
15000 15000 '
650 $17000 §50 Effective Rotor Radius | 6.6 m
6600 $4900 Maximum Acceleration | static test :
. . . 150
Touch-down System  Fiber-optic Rotafy| Joint IL dynamic tor ®
100
Exhalst R ) Exhast , :
Duct §- \ of L{-’ i - Duct Payload Weight S ton
«~ o0 Payload Capacity 400 g-ton
S SHE- " . Swing Platform static test : 2
@ dynamic test ; 1
" Plaiform S 1 124
{ S M il g gl B :e"p“;‘}‘}“ m
g LU §) Folid cight: 1.0 m
L0 A 72
////////////////%////////////4 Data Acquisition static test :
Reduction Gear Dise Brakes\Direct Current Notor . 100 ch
dynamic t;at éh

Figure 2, Side view of centrifuge
2 MAIN SPECIFICATIONS

The PWRI's centrifuge is shown in Figure 1. Its
structure is similar to that of the Taisei centrifuge
(Nagura et al. 1994), Figure 2 shows the side
view of the centrifuge. The main parts of the
centrifuge are housed in an underground reinforced
concrete pit, 17.0 m in diameter and 4.6 m deep.
Table 1 provides the specifications. The main
features of this centrifuge are:
- This is one of the largest dynamic centrifuges in
the world.
- A shaking table is mounted which can precisely
simulate strong earthquake motions by fixing the
swing platform to the rigid rotating arm. This is

called "Touch-down System" (Nagura et al. 1994) .

- This centrifuge has two swing platforms at the
both ends of the arm to facilitate soft clay
consolidation"at a same time, for experimental
efficiency. The "Touch-down System" is adopted
in only one of them.

Dynamic Test Static Test
[ Transducers ]

v v
Dynamic Strain Static Strain
Amplifier : 80 ch Indicator : 100 ch

T ]

A/D E/O Converter
128 ch

Multiport Fiber-optic Rotarv Joint -
: Control

D/A Ollgls(éznvmer [ GP-IB Tnterface ] Room

P-IB Interface | Rotating

v
{ AiD Converter ] g&igfl ,

L Data Acquisition Unit(EWS) )

Figure 3. Data acquisition system

3 CENTRIFUGE SERVICES
3.1 Rotary Joints

The PWRI's centrifuge is equipped with rotary
joints which permit fluids to flow through the axis
of the machine to the platform. There are a total of
8 passages, with 6 rotary joints for oil and 2 rotary
joints for either water or air. The capacity of
working pressure is 10 MPa for oil and 0.7 MPa
for water or air.

3.2 Data Acquisition System

The data acquisition system is shown in Figure 3.
For dynamic tests, the analogue signal outputs of
transducers are- amplified, digitized and converted
to optical signals through the  electro-optic
converting unit mounted on the rotating arm.
Through the multiport fiber-optic rotary joint
(Nagura et al. 1994), the data arc sent to the

- optic-electric converting unit in the control room

and converted to electrical signals, The signals are
recorded on the internal disk of a workstation. For
‘static tests, the signal outputs of transducers are
recorded ‘on -the static strain indicator on the
rotating arm. The data are sent to the workstation
through the GP-IB interfaces, The dynamic strain
amplifier and -the static strain indicator are
controlled from the workstation through the GP-IB
interfaces. Test results- can be viewed on the
workstation monitor during the experiment, This
system can provide noise-free precise data.

33 fﬁ-_ﬂi‘ghl Bdlanc_fng'SySIem

In order to eliminate the imbalance forces of
rotating arm produced during rotation, the in-flight
automatic balancing system is provided. In-flight
balancing is achieved by moving two balancing




L : .-
Figur_e 4. Shaking table

+weights on the rotating arm toward the axis of the

arm. When the balance of the arm is lost and the
horizontal displacement of the rotating axis
measured with a gap sensor becomes large, the
imbalance error signals are delivered to the
balancing weights and they are moved. The
auto-balance capacity is 5 % of the maximum
payload: 20 g-ton.

3.4 Monitoring System

While the arm is rotating, test models on the swing
platform can be taken with the strobo-camera and
the CCD camera which are mounted on the wall of
the concrete pit and on the arm, respectively. Three
video cameras are also set in the concrete pit
mainly for human safety reasons.

3.5 Ventilati'on Unit

In order to preyent a temperature buildup inside
the underground pit, three fans ‘are used for air
ventilation in the pit. These fans are set in the
chamber above the pit. As shown in Figure 2 by
arrows, the air flows along the rotating axis, from
the chamber to the exhaust ducts.

Table 2. Specifications of shaking table

Table Size length: 1.7 m
width: 1.0m
Shaking Direction horizontal : 1
Type of Shaking Wave sinusoidal wave
irregular wave
Maximum Centrifugal Acceleration 100g
Maximum Shaking Acceleration 40g
Maximum Velocity 90 cmv/s
Maximum Displacement 5 mm
Capacity 40 g-ton
Frequency Range 10 - 400 Hz

4 SHAKING TABLE
4.1 Specifications

An electro-hydraulic shaking table shown in Figure
4 has been developed. Specifications of the shaking
table are shown in Table 2. The shaking capacity is
as large as that of the shaker at UC Davis ( Kutter
et al, 1994) which is the largest in the world. This
shaking table provides 40 g shaking acceleration to
1 ton payload, which is equivalent to the maximum
ground acceleration observed during the 1995
Hyogoken Nanbu earthquake when excited at a
centrifugal acceleration of 50 g.

4.2 Earthquake Simulation System

This system is composed of the excitation device,
the hydraulic supply system, and the excitation
control system as shown in Figure 5.

4.2.1 Excitation device

As shown in Figure 6, the excitation device is
designed symmetrically so that the swing platform
should not be inclined. Two actuators which have
two servo valves in each are arranged on both
sides of the shaking table. There are four actuators
and eight servo valves in total. In order to measure
the displacement of actuators and the acceleration

Control Room <——> Rotating Ama

Feedback Signal

Signal <-— Servo <—| Fiber-optic . ‘
Generation Unit > Control Unit [—>{ Rotary Joint [—>| Amplifier [—>{ Device

Sérvo Excitation

Control Signal

PP T L e R

[ Hydraulic Pump

Machine Pit <€—1—> Rotating Arm

gy W

Accumulator

Figure 5. Earthquake simulation éystem
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Figure 6. Plan and side views of excitation device

of shaking table for the control, LVDTs and
accelerometers are installed.

Figure 7 shows the structure of the actuator and
the servo valve. The servo valve is composed of a
large-scalé torque motor, a pnlot spool and a main
spool, and controls’ the quantity and the direction
of flowing oil to the actuator according to the
movement of a main spool. In order to make the
excitation capacity larger, it is necessary to supply
a large quantity of flowing oil to the actuator.
Therefore the diameter of the main spool become
large, and the pilot spool is installed in order to
drive the main spool hydraulically. The pilot spool
hangs on the one end of an armature in the
direction ‘of a centrifugal acceleration, and the
couiter weight is installed on the other, As a result,
an unbalanced torque by the self-weight of the
pxlot spool and a friction torque by the vertical
motion is decreased. The movement of the servo
valve and the actuator is controlled by servo in the
following sequence.

- The signal from the servo control unit is
converted to the eélectric current by the servo
amplifier, and the current is input to the torque

motor.
- The torque motor swings the armature according

to the current.

- The pilot spool is driven up and down by the
swing of armature,

- The quantity and the direction of oil supplied to a
main spool are controlled by the movement of the
pilot spool, and the main spool is driven right and
left.

- The quantity and the direction of oil supplied to
the actuator are controlled by the movement of the
main spool, and the actuator is moved right and

left.
- The excitation power is transmltted to the

shaking table.

Figure 7. Actuator and servo valve

4.2.2 Hydraulic supply system

When dynamxc tests are performed, it is necessary
to supply a large quantlty of oil to the excitation
device. Therefore, the oil is supplied contmuously
from the hyd.raullc pump in the machine pit to the
accumulator on the rotatmg arm through the rotary
joints. Pressurized oil in the accumulator is exhaled
in time of shaking,

4.2.3 Excitation control system

The excitation control system is composed of the
signal generation unit and the servo control unit.
The control signal is transferred to the excitation
device through the optic rotary joint. The signal
generation device has the functions to generate
input signal and to correct the input signal so as to
adjust response waves to target waves according to
the feedback signal from the excitation device.

5 Performance
5.1 Electric Power Consumption
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Figure 8. Electric power consumption
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Figure 8 shows the relation between the centrifugal
acceleration and the electric power consumption in
a steady state. This centrifuge consumes 1,500 kW
at a centrifugal acceleration of 150 g. The run-up
times are 5.2 minutes to 50 g, 10.2 minutes to 100
g and 22.6 minutes to 150 g.

5.2 Proof Tests of Shaking Table

In order to investigate the performance of the
shaking table, proof tests were carried out.

At first, sinusoidal waves were used under 100 g.
Several points on the shaking limit line shown in
Figure 9 were selected. Figure 10 shows the
response acceleration waves of the shaking table
with a weight of about 400 kg at frequencies of 40,
100, 200, 400 Hz, respectively. These input waves
were not comrected. The figure indicates that
response waves were distorted in the case of large
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Figure 10. Response waves
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Figure 11, Comparison between target waves and
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displacement or extremely high frequency. -
Next, two earthquake waves were used under 30
g: the NS component of the JMA- Kobe

acceleration record in the 1995 Hyogoken Nanbu-

carthquake, and the EW component of the Aomori
Harbor acceleration record in the 1968 Tokachi-oki
earthquake. Each of the target waves was scaled so
that the maximum acceleration was 12° g and the

predominant fréquency became 60 Hz. Figure 11
compares the response acceleration waves of the

shaking table with a weight of about 1.4 ton and
the target carthquake waves. These input waves
were corrected with the excitation control system.
Figure 11 shows that the response waves almost
coincides with the target waves.
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REMEDIATION AND APPARENT SHEAR STRENGTH OF LATERAL SPREADING
CENTRIFUGE MODELS

A, Balakxishnan, B.L. Kutter and LM. Idriss
Department of Civil and Environmental Engineering, University of California, Davis.

ABSTRACT

Centrifuge models involving liquefaction have been tested with an ultimate goal to enable determination of the
optimal extent of ground refediation to achieve a specified performance criteria. Models of a bridge site consisting of
a deep, liquefiable sand layer overlain by a sloping clay layer with a free face at a river channel were tested at a
centrifugal acceleration of 30 g. Densification of a limited region of sand and in-ground water barriers were evaluated
as possible remediation treatments. The test results show that setements were controlled, and lateral sliding was
reduced but not adequately controlled by the limited remedial treatments.

Data from one of the untreated models is back-analyzed to evaluate the apparent shear strength, which controls
the lateral spreading. The peak measured mobilized shear stresses are much larger than back-calculated strengths from
(one-way and two-way) sliding block analyses. The two-way sliding block analyses were used to calculate ground

oscillations as well as permanent displacements.

INTRODUCTION

To control liquefaction consequences, a variety of soil improvement methods have been proposed. Two main
uncertainties with all of the proposed procedures are the volume of soil that should be treated and the level of treatment
required to achieve a desired level of performance. Limited case histories reported by Mitchell et al. (1995) indicate
that ground improvement by densification has been successful where the treatment extended to a lateral distance equal
to the depth of the treatment beyond the perimeter of the structure, Establishment of relationships between the extent of
treatment and expected performance is one of the eventual goals of the research presented in this paper. This paper
presents results from five centrifuge model tests, two of which included remediation by densification of a portion of the

liquefiable sand. _ .

Many case histories have been analyzed to back-calculate soil shear resistance to lateral displacement from
carthquakes (Newmark 1965, Seed 1966, Idriss 1985, Seed 1987, Davis et al, 1988, Seed and Harder 1990, Dobry and
Baziar 1993). Some case histories involved flow failure and others involved lateral spreading. In lateral spreading
cases, one-way Newmark type sliding block analysis has been used to calculate permanent displacements during
dynamic loading. In this paper, apparent shear strengths of laterally spreading soil are back-calculated by comparing
measured displacements with one-way and two-way sliding block calculations.

CENTRIFUGE EXPERIMENTS

Five centrifuge experiments have been completed as a part of a project titled, “Liquefaction Remediation at
Bridge Sites”. The models were constructed in the FSB (Flexible Shear Beam) model container and tested on the large
centrifuge at UC Davis. The large centrifuge, the carthquake simulator, and model container are described by Kutter et
al. (1994). All data presented in this paper are scaled to prototype values unless otherwise stated.

Model descriptions v

A river and its flood banks with and without an abutment were modeled in five different centrifuge tests to
study the effects of liquefaction remediation, As indicated in Figure 1, the soil profile consisted of a 6.0 m thick dense
sand layer (Dr = 80%) at the bottom, a 9 m uniform thickness medium density sand layer (Dr = 50%), and a sloping
surface deposit of overconsolidated clay. The river channel cuts through the surface deposit across the short dimension
(east-west direction) of the model container, T¢ the extent possible, the model dimensions were based on reasonable
prototype dimensions in accordance with the scaling laws. As indicated in Figure 1, the clay layer was thickened at the
boundaries to prevent leakage of pore pressures along the boundary. The eatire container was tilted about 3% relative
to the centrifugal acceleration field; the resultant slope of the clay surface was near z¢ro on the north flood plane and
9% on the south flood plane,

No remedial work was involved in BAMO1, BAMO02 and BAMOS. In BAMO3, the medium density sand layer
in the central third of the container, across the river channel was densified to full depth by pluviation to a relative
density of about 80%. In practice, densification of soil directly beneath an abutment and river channel may be difficult.
The zone of improvment in the model was chosen to be of sufficient size to produce a noticeable effect, to leave a
substantial unimproved zone between the improved zone and the container boundaries and to keep the geometry simple.

In BAMO4 an identical densified zone (as in BAMO3) was included and an impermeable water barrier, a 19
mm thick (prototype scale) latex rubber sheet, was placed beside the densified zone. This barrier may be thought to
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represent a slurry trench barrier in the prototype; it was envisioned that an impermeable barrier would prevent pore
pressures in the unimproved region from migrating into the improved region. v

A Figure 2 shows details of model BAMOS. Sixty three instruments were used in the model. Entry (channel)
numbers pf selected instruments are shown in Figure 2b. PFigure 2c shows soil profiles before and after the test, ‘After
the experiment, the¢ model was dissected and it was noted from pre-installed spaghetti noodles and black sand columns
that the niedium density sand on the south side sheared toward the north side and the clay layer moved (relative to the
medium density sand) towards the river channel. Details of model preparation are discussed by Balakrishnan et al.
(1998a).

Soil properties '

Nevada sand (uniformly graded, Dy = 0.17 mm) was used for the dense and the médium density sand layers.

The corrected blow count, (Ny)e for the medium density sand layer (D, = 50%) was estimated as 11 from the
relationship given by Kulhawy and Mayne (1990). The clay layer was consolidated from remolded San Francisco Bay
Mud (LL = 90, PL = 38). The saturated unit weight of the medium density sand and clay are 19.3 and 15.5 kN/m’
respectively. :
Shaking events ’ » »

The shaking event sequence for all modéls (except BAMOI) was: Small Step Wave (0.12 g), Small Kdbe (0.13 g),
Large Kobe (0.7 g), Intermediate Kobe (0.3 g), and finally the Small Step Wave event was repeated. The Large Kobe
motion was similar to the motion recorded at 82 m deep at Port Island during the 1995 Hyogoken-Nambu earthquake.
Figure 3 shows the acceleration response spectra of the achieved earthquake motions in BAMOS. The similarity of base
acceleration measured at the east and west sides of the model demonstrate the uniformity of the shaking table motions.

In the intermediate and Large Kobe cvénts pore pressures equal to 100% of the overburden stress were recorded,
but in the Small Kobe event about 55% to 85% was recorded in medium density sand layer. Compleéte sets of time
histories for these models are documented in ¢électronic and papér data reports (¢.g., Balakrishnan et al, 1997). -

EXPERIMENTAL RESULTS ‘
 Figure 4a shows the recorded accelerations However, some of the .important observations are
during the Largé Kobe motion at different depths in covered very briefly below..
BAMOS. The base motion had a peak of 0.73 g, but all
of . the other  accelerometers showed acceleration
amplitudes greater than 1 g.. The pore pressure records,
plotted with results of nearby accelerometers, rapidly
climb to the initial overburden pressure. Intermittent
pulses of negative pore pressure (positive effective PP - West
stréss) Coincide with large spikes in acceleration (shear 1 .
stress). The initial values in the pore pressure records .
indicate the static pressure. .
. Figure 4b shows the dynamic displacements
obtained . by . double . integration of the digital
acceleration records in'the frequency domain (Wilson
et al. 1998). .In this process, a fifth-order high-pass
acausal: (no phase delay) butterworth filter with a cut
off frequency . of 015 Hz was'used. Therefore,
permanent displacements cannot be seen in Figure 4b,
Prior to digitization, the analog signals were low pass
fillered at- 27 Hz. Figure 4b shows that the ) . :
displacemént was amplified and the phase was delayed - 004 . L S
with elévation. The amplification is especially clear - bt s 0'1 T ; T
j B o Period (sec)

for times after .15 seconds.. .. ..
- The influenicé of soil densification and the in- s o - , o
Figure 3: Base acceleration response spectra during the
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ground  water  barler ‘on seltléments, lateral
displacements ‘and “pore ‘préssure ‘developments  was
discussed in detail in Balakrishnan et al (1998a).
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Settlement

The sand surface settlements, summarized in Figure S, were determined from post-test excavations and
measurements after all the shaking events in models BAMOI to BAMOS. Except the Small Step Wave motions (which
caused immeasurable permanent deformation), the sequence of the carthquake motions was nearly identical for BAMO02
through BAMOS. From the post-test survey, settiements were measured at four locations indicated in Figure 5.

In Figure 5, seitlements from the regions N-C and S-C (treated) in BAMO3 and BAMO04 show about 40% or
more reduction relative to the untreated models BAMOZ and BAMOS. Comparing the two treated models, the
settlements in BAMO4 (with the membrane) are about 20% smaller than in BAMO3 on the south side, and 40% smaller
than BAMO3 on the north side (beneath the abutment); perhaps this difference is of practical significance and can be

attributed to the effect of the water barrier.

Comparing the cases without remediation, the settlement in BAMO! at S-C was about half the settlement of
BAMOS5. The sand saturation was not checked in BAMOI and it may have been low. Also, the base motions in BAMOS
were somewhat greater than those in BAMO1 (Balakrishnan ct al, 1998a). At the S-W (untreatod) zone, the settlement
in BAMOS is somewhat greater than in BAMO03 and BAMO04. ‘The densification of the central portion may have hclpcd
to reduce the settlement of the adjacent untreated soil; alternatively this could be explained by random differentes in
soil density and input motion. These settlement measurements clearly show that the soil densification in a limited
region reduces the settlement. Placing an impermeable ‘barrier beside the densified zone appears (o enhance the

effectiveness of the improvement.
Lateral displacement

- Pigures' 6 shows vectors of lateral displacement at different locations. These data were obtained after all
shaking events by measuring the displacements of the thumb tacks on the clay surface. The lateral sliding on the south
side (steeper slope) was much larger than that on the north side, which had a free face at the river channel, but little to
no surface slope. Perhaps due to remediation, the sliding in BAMO3 was less than that in BAMOS As described in
Balakrishnan et al. (1998a), the clay in BAMO4. was significantly softer than in BAMO3 and BAMOS thus the lateral
deformations of the clay layer were about 20% to 40% greater than in the other tests. However, if we compare treated
and untreated parts of a particular model we see that the sliding in the treated zone is consistently about 20% less than in
the untreated zone. In BAMOS, which had no remediation, the lateral sliding in the south side was almost identical in

the central and west portions.
On the south side, without an abutment, the surface clay layer apparently tends to bridge across the narrow
zone of densified sand; the sliding above the unimproved soil is transferred above the improved soil. This problem

could be remedicd by additional effort to attach the surface deposit to the improved soil (eg., with piles).

APPARENT SHEAR RESISTANCE
In this study three different methods were used to estimate or brackct the apparcnt shear rcs:stance of the soil.
This paper focuses on the south side of thé model BAMOS because.it may be approximated as a two-dimensional.

problern. The north side included a three-dimensional abutment.

Static shear stress based on initial geometry of the model

The static shear stress at the interface was calculated by consndcnng the static equilibrum of clay blocks,
assumed to be separatcd by :tension cracks. The calculated static shear stréss varied between 0.3 and 0.7 kPa at the
interface, Additional analysés were carried out for a presumed failure surface parallel to the interface at the depth of 1.5
m from the top of the sand layer (midway between the accelerometers labeled En. 44 and 46 in Figure 2). The
estimated static shear stress ranged between 2.2 to 4.5 kPa. As seen in Figum 2¢ the final ground surfacc was almost

flat, The final static shear was not calculated,

Shear stress-displacement loops
Using acceleration measurements and a'procedure similar to that pmposed by chha.l ct al, (1995). dynannc

shear stress-displacement response was calculated at two locations of the model for the Large Kobe event (Figure 7a).
At the interface, the shear stress was calculated from the acceleration of the clay (En, 50), and relative dxsplaecment was
calculated by integrating the difference between En, 50 and En. 46. It should be noted that the small static shear stress
described above ishould be added to the-caléulated dynamic stresses. To estimate the shear stram. the displacement
could have been divided by the distance between accelerometers. But. the strains are hkcly to bé non-uniform near the
clay-sand interface.

The entire shear stress-displacement history at the clay-sand mtcrfacc is gwen in Figure 7a for thc ngc Kobe
event, The peak mobilized shear stress at the interface, Tmy = 29 kPa, corresponds to the largest negative spike in
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Figure 4: (a) Measured accelerations and pore pressures, and (b) calculated dynamic displacements from accelerations

(high pass filtered with f. = 0.15 Hz) at different depths during the Large Kobe event in BAMOS.
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acceleration in Figure 4. ‘The initial vertical effective stress, 0’y = 16.8 kPa, indicates T,,/0'vw = 1.73 which is
possible considering the spikes of negative pore pressure shown in Figure 4. The shear stress-displacement history
during the Large Kobe event in the sand layer is shown in Figure 7b. The shear stress was obtained from accelerations
recorded by En. 50 and En. 46 and displacement was from integration of the difference between En. 46 and En. 44, In
the sand, Tnu/0' =42/30.7 = 1.37, o «

Calculations from sliding block analyses : :
Newmark type sliding block analyses were used to back-calculate the apparent shear resistance of the liquefied

soil in this model. The imeasured displacément of the clay layer from the LVDT (En, 26) indicates that the clay block
moved in both the up-slope and down-slope directions while the permanent displacement was down-slope. This ground
oscillation can only be captured if two-way sliding is considered in the analysis. In gently sloping ground, the ground-
oscillation could cause severe damage to super-structures and should be considered, For the back-calculations, the
values of yield acceleration were adjusted by trial and error until good ‘agreement between calculated and measured
displacements was obtained. The comparisons between measured and calculated’ ground oscillation as well as
comparisons between measured and calculated permanent displacement were used as criteria for evaluating the
goodness of agreement, S . : o

. As described by Balakrishnan et al. (1998b), fairly involved data'processing techniques were'required to obtain
accurate measurements of dynamic and static clay displacements.” Figufe 8a shows the resulting measured displacement
of clay relative to base. A similar procedure was used to determine the absolute measured displacement of the clay
(Figure 8b). : S AT \. C T
. Foratwo-way sliding block analysis, many combinations of up-slope and dowa-slope yield accelerations (Ky.p
and Ky sown) can be used to match the measured permanent displacement. For Figure 8, yield accelerations were selected
by considerifig two extreme conditions, one with infinite up-slope shéar résistance (ky,wp = >2) and the other with zero up
slope shear resistance. For zero up-slope resistance the yield accelération was assumed équal to the ground slope: Ky =
0.03. In Figure 8a, the base acceleration was used as input to' the sliding block calculation to match the measured.
displacement of clay relative to the base. The calciilated displacements do not match the measured ground oscillatich
even with zero up-slope shear resistance. As shown in Figure 4, the dynamic displacemeiit was amplified between the
base and the surface. In retrospect, it is obvious that it would be impossible to predict the ground oscillation using a
rigid-plastic sliding block analysis without accounting for the observed amplification.

To approximately account for the amplification, the measured acceleration of the clay could be used as input to
the sliding block calculation. Figure 8b shows that calculated and measured ground oscillations and permanent
displacements are in good agreement if the clay motion is used as input and ky,, = 0.03. It is somewhat circular,
however, to use the measured clay acceleration to predict the clay displacement, because the dynamic component of the
measured clay displacement was also obtained from the measured clay acceleration.

< i It would be bétter if the acceleration from the top of the sand {ayer was used as input'in an analysis o calculate
the clay displacement relative to the top of the sand, Unfortunately, the permianent displacement of the top of the sand
could not be measured, However, the measured dynamic displacement of the clay relative to the sand could be obtained

from the accelerations (Bn. 50 - En. 46). Two different cases were consideréd to detertnine a range of values of Ky, and
Ky down that provide feasonable agroement between measured and calculated dynamic displacemeilts. : One case (Figure
9a) assumed equivalent shear resistance in up- and down-slope directions, requiring the yield accelerations to differ by
twice the Slope angle (Kyu < kygovs +2 X 0.03). The other case (Figure 9b) assumed zero shéat resistance in the up-
slope direction (kyp = 0.03): With thess restrictions, the yield accelerations wete adjusted by trial and eror until a
range of yield: accelerations could be identified that produced good agreéinent between measured and calculated
displacements. ~ i .o .o SRR S

. Yield accelerations' back-caiculated from the above mentioned cases were used to estimate thé ranges of the
apparent shear resistance during the Smiall, Intermediate, and Large Kobe events, and they are plotted in Figure 10, The

spparent shear resistance was obtained by mql,dplyilig the yield acceleration (kydsw) by the thickness and unit weight of

i

theoverlying soil. Y
COMPARISONS OF THE SHEAR RESISTANCE

i ; . G B T O
U The st -displacement historiés in Figuré 7 indicate that:the soil resistance varies with the level of lateral
displacement or strain, Most of the ground oscillation occurred at very low resistance aid only a srhall percentage of
the ground movement occurred at greater resistance, However, in the sliding block analysis a constant shear resistance
for up-slope and down-slope movements was assumed to match the ground oscillation and permanent displacement.
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The range of the apparent shear resistance back-calculated from the sliding block analyses and the peak
mobilized shear siress from the stress-displacement loops are plotted in Figure 10, Figure 10a shows the calculated
apparent shear resistance at the interface, and Figure 10b shows the calculated apparent shear resistance within the top
1.5 m of the sand layer. Figures 10a and 10b indicate that the apparent shear resistance at the interface was less than
that within the sand layer. ,

In Figure 10, for the apparent shear resistance determined by matching the measured permangnt displacement,
the plotted range in apparent shear resistance is bounded on the top by the case of one-way sliding, and on the bottom
by the case of zero shear resistance to up-slope displacement. - As mentioned earliet, in reality, the shear resistance at the
sliding surface is not a constant for cither up-slope movement or down-slope movement, therefore, exactly matching the
ground oscillation using a constant shear resistance in the sliding block analysis is impossible.

The apparent shear resistance determined by matching only the dynamic ground éscillations are smaller than
any other back-calculated apparent shear resistanice, The peak mobilizéd shear stress from the stress-displacement loops
are consistently larger than the back-calculated appan:nt shear resistance, and they fall around the range of residual
strength of Seed and Harder ( 1990). The rangc of rcssdual strength from Seed and Harder (1990) for a soil with an
cqulvalcnt blow count, (N})¢ of 11 is 8 kPa to 30 kPa. While the apparent shear resistance implied by Figure 10 may
seem small, the normalized apparent shear rcsnstancc (divided by thé initial effective overburden stress (0% = 16.8 kPa
at the mtcrfacc. and 30.7 kPa), falls in a typical fange between 0.05 and 0. 25, for both the inteérface and the sand. Based
upon matchmg ground oscnllatxons, the normalized apparent shear resistance is near the bottom of the range 0.05 t0 0.1,
and based upon one-way sliding block analysés, the normalized apparent shear resistance is 0.1'to 0.25.

CONCLUDING REMARKS
A series of model tests simulating hqucfacﬂon at a hypothetical bridge site has been conducted. Significant
liquefaction-induced deformations were obseived in the models. Two models includéd remediation by densification of
a limited region of medium dcnslty sand; one of these models included an in-ground water barrier to isolate the
remediated Zone from pore pressures:in the medium density soil. The settlements, lateral sliding and pore water
pressures in regions of improvement were consistently reduced by the remedial work. Settlements were reduced by a
factor of 2 to 4, and lateral sliding was reduced, but with less effectiveness. Based upon these tests it appears that
settlements may be controlled by densification of a relatively narrow zone. But, to control lateral sliding, a larger zone
may néed to be improved. The surface deposit of non-liquefiable soil appeared to bridge across the improved region,
transferring latéral movement from the unimproved soil via the surface deposit to the soil above the improved region.
In cases like this, it would be important in practice to anchor the non-liquefiable surface deposits to theé improved
ground (with piles for example) t6 prevent movement with the unimproved ground. The presénted model studies should
be augmented by additional tests including different.extents and magnitudes of improvement and including different
combinations of treatment methods like densification, in-ground walls, and sand drains.
~ Two-way sliding block analyses were used to calculate the ground oscillation. A model with one-way sliding
cannot capture the measured ground oscillations (approximately 0.6 m peak to peak during the Large Kobe event). To a
superstructure, such large ground oscillations could be more damaging than the observed 1 m permanent displacement.
In order to predict the ground oscillations using a sliding block model, the amplification of the base displacements by

the soil deposit must be considered.

The peak mobilized shear stresses, calculated from measured accelerations, are affected by the dilative
behavior of thé medium density sand layer. The peak stresses coincide with the peak accelerations of the overlying soil
which are shown to correspond to pulses of negative pore pressure (Figure 4a). Pulses of negative pore pressure are
caused by the tendency for dilation at large strains (Figure 7). In order to predict reasonable permanent displacements,
shear resistance much smaller than the observed peak stress must be used in a sliding block calculation.
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REPRODUCTION OF LARGE-SCALE 1G TEST ON DRY SAND DEPOSIT AND
PILE FOUNDATION USING CENTRIFUGE MODELING

Masayoshi Sato & Youichi Taji
Shimizu Corporation, Tokyo, !a}mn
Takaaki Kagawa

Wayne State University, Michigan, USA
Chikahiro Minowa

National Research Institute for Earth Science and Disaster Prevention, tbaragi, Japan

1. INTRODUCTION

Dynamic centrifuge model test tecliniology has recently
attracted considerable attention in the field of geotechinical

earthquake enginecring, mainly because it has the obvious

advantage in reproducing the dynamrc response of actual
soil ground under the condmons of satrsfymg the srmrlr-
tude requirements concemmu confi ned stress ot soil.
However, when soil modéls were prepared for centnfuge
tests, it may not always be perfectly consrstent wrth the
actual soil ground. Itis rmportant to establish test proce-
dures and techniques for reproducing the behavior of
actual soil-structures system during earthquakes. There-
fore, it is necessary that experimental techmques were
improved to settle some problems for t.be reproducuon
Previously, dynamrc centnfuge tests saUSfymg the
similitude requirements were conducted in reference to
unprecedented large-scale tests wrth lammar contamers [1
2] usmo dry sand [3], saturated sand [4], and a prle
foundation in liquefied soil (5], and'‘¢hallenges in répro-
- ducing dynamic bebavior of actual ground we_re discussed.
In this paper, a test with reference to the past studies is
reported to reproduce the dynamic behavior of a pile
foundation structure and dry sand deposit. -

2 LARGE:SCALE SHAKING TABLE TEST: . .

(1) Test apparatus : DL e
A shaking table test using a large lammar container was
‘conducted in National Research Institute for Earth Science
and Disaster Prevention. The table has size of 15.0 m x
14.5 mand:its r'n'aximu:n‘payload iss00t .

(2) Lammar contamer .
The lammar contamer has mner drmensrons ot l l 6 m .

in length 6min herght and 3.1'min width; “The ¢ortainer
consrsts of 29 rectangular frames made of H- shaped steel.
" members (200 m x 200 min). ‘The inner face of the

container was lined witha 5 mm thick rubber membrane
to provide waterprooﬁno and to protect rollers from the
soil. Steel pipes. wrth an outer drameter of 200 mm as

" rollers and Teflon sheets were placed between the each

container frame to reduce the shear stiffness of the
container.

"(3) Preparation ground

" Alarge-scale shakmg test model and locations of
transducers rs shown in Fig. 1. The soil material is P =
174Um’, p' .= 1.39Um’, D Dy;=0.27mm, Uc = 3.4, Fc =
3%, theriver sand collected from Hokota, Ibaraki
Prefecture After dried naturally, the sand was conditioned
to be slrghtly wet The test sand was poured through a
funnel from a herght of 1 m. The sand deposit had an
average densrty p -1 69¢/m® and a water content.w =

11% at the begmmng of t.he test,

@ ‘pi’leftsttndaﬁoh_squmrg '

The foundation is a rigid structure, consists of stacked
rectangular steel plates, which has a length of 3 0 m,a
width of 2, 5 m,a herght of 0.26 m, and a wetght of 15 6
t. The piles are used four (2x2) actual steel piles wrth an
outer diameter of 318 5 mm, a thlckness of 6 9 mm, and
a length of 6 m wrth the center-to center spacmg 6 umes
of the drameter 'I'he top of each ptle was ﬁrmly ﬁxed to
the structure, and the bottom of each prle was pin- con-
nected to the contamer base, Acaelerometers were buned
in the sand deposrt, and strain gauges were attached to the
steel prle surfaces to measure the bendmg stram

(5) Excrtauon X o

Excrtauon cases of the large scale shakmg tests are N
descnbed m reference, [6] { thrs paper, | the testresult of
' ions i rted a structure werght ot

rrrrrr
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Fig. 1 A large-scalé shaking test model
and locations of t‘ansducers

Fig. 2 A the centrifuge shaking test model and
locations of transducers

Table 1 Similitude requirements used in the experiment

Symbol Scale ratio Unit 19  Centrifuge

Sand  Thickness H, 728 m 5.984 0.399
Stratum pensity o4 I glem? 169 1.69
Length of pile L A w60 04
Diameter D /A mm  318.5 20(21.4)
Thickness t I/A mm 69  0.5(0.46)
E

Young's modulus

1 MN/m? 206,000 206,000

Pile  Geometrical )
moment of inertia

—

1A cm* 8,200 0.162

Bending stiffaess  E-]

4 2 0.000300
A MNm' 169 (5000334)

Area A 1A cm? 6755 0300
Normal stiffaess __ E-A /A2 MN 1392 618
. , = :
Footing Mass my x kg 15,600 4.62
Length L 1A m 2.5 0.167
Exciting accelération a A g . 04 6.1

3. CENTRIFUGE SHAKING TABLE TEST

(1) Test apparams

Model tests were performed using a dynamic centrifuge
at the Institute of Technology, Shimizu Corporation. The
speciﬁcations of the cenm'fuge have been described in
details by Sato [7]. The arm radius of the cenmtuge to the
bhakmg table is 3.11 m, and is equippéd with a shaking
table of 950 mm x 650 min. The table accommodates a
maximum payload 300 kg at centrifugal accelération of 50
¢ . The maximum acceleration of excitation is S g when
the frequency of sinusoidal vibration is contmuously
changed in the trequency ram,e of 50- 330 Hz and 10 g in
the case of arbrtrary waveform such as a seismic wave.
Excrtauon is dnven by an eleclroma;,nehc syslem s0 that
aerbmnc waves can be precnsely reproduced by the stable
control of wavetorm even ina wide Irequency rang,e

17X = model/ prototype = 1 / 15

(2) Laminar container

The laminar container, which is geometrically similar to
the one used in the large-scale shaking tést, has inner -
dimensions of 80 cm in length, 41 ¢m in height, and 23 ¢m
in width. The container consists of 18 stacked frames of
rectangular hollow steel pipes with 20 mm'in height; 40
mim in width, and 1.2 mm in thickness. The inner face of
the container was lined with a 0.5 mun thick rubber
membrane to provide waterproofing and to protect the
bearings from the $oil, The inertia éffect of the container
frames was minimized because of the light weight of the
frames. Flat bearings of 2 mm in bearing thickness were
installed between the rectangular frames to reduce the
shear stiffness of the container. Acrylic plates were
installed between the container ffames to prevent the
insertion of the membrane into the gaps between the each

frames.
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Fig. 3 Frequency transfer function of soil
in the large-scale shaking test

(3) Similitude requirements

The similitude requirements used in the centrifuge test
is summarized in Table 1. The ratio of the centrifuge test
and the large-scale test is 1/15. The value of centrifugal
acceleration was set to 1k5. g. In the time history and strain
diagrams shown in this paper, the values of the centrifuge
test were translated to the actual size based on the simili-
tude requirements.

(4) Preparation model ground

Some informations was previously known as need data
to execute centrifuge experiment- reproducing the large-
scale test results , which were the soil density, the natural
frequency of the ground, the specifications of the pile
foundation, and the input wave of the large-scale shaking
test. So, the centrifuge test was conducied as a forecast
experiment of actual sand deposit.

The centrifuge shaking test model and locations of
transducers is shown in Fig. 2. The same sand as that used
in the large-scale test, and the model was used with the
same preparation method. The natural frequency of the
model ground in the centrifuge test was made equal to that
in the large-scale test. Although it was reported in a
previous study 3] that the behavior of dry sand deposit
could roughly be reproduced by using the same average
soil density for large-scale and centrifuge tests, there is
another concem that response behavior of sand deposit
may be affected by inhomogeneity It was therefore
considered that the use of sand deposit having the same
elastic response behavior is more appropriate to investi-
gate overall behavior of an actual sand deposit.

A soil model with a slightly lower density than that of
the large-scale test was prepared. The natural frequency
was investigated by swept sinusoidal vibration with a

100
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Fig.4 Frequency transfer function of soil
in the centrifuge shaking test

small acceleration of 0.1 g and a frequency range of 30-
150 Hz , corresponding to 6 gal and 2-10 Hz under the
prototype. Through vibrating compaction, a target value
of 75 Hz, corresponding to 5 Hz under the prototype, was
attained as the natural frequency of the sand deposit.

(5) Pile foundation structure

The model iron piles satisfied the similitude require-
ments regarding the bending stiffness were adopted. Each
pile has a diameter of 20 mm, a wall thickness of 0.5 mum,
and a length of 40 cm. The same conditions as those in the
large-scale test were adopted regarding the number of
piles, pile arrangement, and the fixed method of the pile
top and bottom.

(6) Excitation

The input wave was reduced the time scale of that used
in the large-scale test to 1/15. Although the input wave-
forms of both tests were nearly the same, the maximum
acceleration in the centrifuge test resulted in a smaller
value of 400 gal.

4, COMPARISON OF EXPERIMENTAL RESULTS

(1) Natural frequéncy of sand deposit

Microtremors were measured to investigate characteris-
tics of sand deposit before the start of the large-scale
shaking test, and the natural frequency was found to be 5
Hz as shown in Fig. 3, '

Because microtremors could not be measured in the
centrifuge test, a swept vibration test with a very small
level of excitation was conducted. As stated in (4) of 3
and shown in Fig. 4, lhé"n_at‘urzil frequencies of both sand
deposits were in good agreement,
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(2) Acceleration response of Lhe soil and the fnle amplitudes. A trend of decreased response at the interme-
foundation structure * diate height of about 4:5 m was observed in both tests: The
The time hisfory of acceleration in the large-scale similarity of féSponse accelerations in both tests in spite of

shaking test is shown in Flg. 5,and that in the céntrifuge  differént input imply which the degree of soil nonlinearity

shakm;, tcst is shown in Flg 6. The cenmfu;,e test in the'largé-scale test was ;,reater than that in the centri-
resulted i m a lower response acceleratiot at the footing’ fuge test, a :

because of (he lower'i mput acceleranon of the 'shaking ‘

table. The o (ests rcsulted in sumlar soil feaponbe (3) Bénding Steain of piles

acceleration even though the mput waves liad differént’ The tire histories of the bending strain of pnles in the =
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ABSTRACT: Parameters which influence the settlement of an isolated footing for a power transmission tower

arc evaluated. A series of dynamic centrifuge tests and tests for obtaining fundamental properties of Toyoura

sand saturated with different pore fluids (water, 50 ¢St silicon oil) are carried out. From the test resulls, it can be

said that the settlement of the footing varies in direct proportion to the amplitude of input acceleration, carrying

load, thickness of liquefiable layer and cycles of input motion and in inverse proportion to relative density,

thickness of unliquefiable layer, grain size and footing width. The predicted settlement is expressed in a
. conventional form by use of deviating factors relating to above-mentioned parameters.

I INTRODUCTION

The influence of soil liquefaction on various facilities
on the soft ground has been investigated by many
researchers. Of these facilities, a power transmission
tower is selected for this study. As the practical target
of the study, an isolated footing of four-isolated-
footing type foundation for a power transmission
tower (shown in Figure 1) is taken into consideration.
Evaluation of differential settlements among isolated
footings is a focus of this study. From an
investigation of power transmission towers damaged
during several past great earthquakes, it is found that
the maximum relative settlement of a footing of a
foundation comprising four-isolated footings is about
50cm in order to repair the tower. In other words, the
allowable differential settlement is equivalent to an
angle of rotation of 1/12, which is much larger than
1/1200 that is employed in practical design.

Accurate prediction of the relative settlement due to
liquefaction may be necessary for evaluating the
performance of the structures and countermeasures
against liquefaction. ,

The purpose of the study is to evaluate parameters
affecting the total séttlement and to offer data that may
be helpful for considering the mechanism of the
settlement of the foundations due to liquefaction
through centrifuge model tests.

2 TEST PROGRAM

The following are considered to beé parameters
influencing the settlement due to liquefaction.

FRONT VIEW ‘M
GROUND LOAD v
SURFACE ‘] 2
577 77
3
Q
a
a
3200
PLAN VIEW
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Figure 1 Target isolated footing

(1) Load. In the practical design of a tower for
power transmission, wind load, the dead weights of a
tower, insulators and electric wires, and the tensile
force of electric wires, etc. are taken into account,
Table 1 shows practical design loads and simplified
loads for the tests. .

(2) Relative density of the ground. The relative
density is set at either 20, 40 or 60%. Most of the
tests are performed at  40% relative density. For an
unliquefiable layer, sand with 80% relative density is
used,

(3) Thickness of liquefiable layer. The thickness
of liquefiable layer, the distance from the bottom of
the footing to the pedestal of the container, is 13.2m
for the standard case. Thickness of 7m and 3m are
also tested. :

.-55___



Table 1 Dcsngn Loads and snmphﬁcd loads

Practead deslgn louds Simptifiod loads tn e Lests
Condit Compre Teaston Vertical | Horizorial
D‘;‘;‘;"‘ vr‘l‘:"y Tempenn. (ll:?;ndul) 0(:';‘0‘:‘\1) No| force | Force | Remarks
of lie (s) tuee{'C) n o @n n

vl 1 (’””4', (’J"ff)’ 1| 0 | suntae

O N 5 I N I
. s | s | g | S 13 0 | o | s
0 15 I?é?l - |4 (r""‘ﬂlc) 2.5 |Minimum

(4) Thickness of unliquefiable layer.  As the
cxistence of an unliquefiable layer restrains the
settlement duc to liquefaction, two cases were added
in the tests in which a compacted layer (Dr = 80%)
exists bencath the footing. The thickness of the
uniiguefiable layer is either 2m or Sm.

(5) Grainsize. In addition to Toyoura sand, two
kinds of silica sands, #5 and #8, are used for the
ground material. In those cases, silicon oils with
different viscosity are used so that each apparent
coefficient of permeability coincides with the
permeability of Toyoura sand.

(6) Input motion. A sinusoidal wave at a
frequency of 1Hz (50Hz at 50¢g) is used for the tests.
To vary the intensity of liquefaction, motions with
different amplitudes of acceleration or different
numbers of cycles were applied.

(7) Width of footing. The width of the footing is
3.2m, except two cases which use [footings 2.5m-
wide and 4.0m-wide under loads of 18.3tf and 46.9tf,
respectively. Each load ‘is determined so as to have
the same intensity as the case of a 3.2m-wide footing
under 30tf.

(8) Pore fluid. From the law of similarity, silicon
oil at 50 ¢St dynamic coefficient of viscosity should
be used under 50g centrifugal field. One-test with
water as pore fluid is added to investigate the
difference between the fluid materials(water and 50
¢St silicon oil).

3 TEST PROCEDURES

3.1 Laboratory tests

(1)Tests for sand properties
General laboratory tests such as sieve analysis,
spoclfic gravity tests, maximum and minimum density
tests were carried out according to the standard of
Japanese Geotechnical Society.
(2)Permeability tests '
A falling head permeablllty test was conduc(ed at SOg
(3)Cychc triaxial tests.
As silicon oil is used for pore ﬂuld mstead ‘of water in
the centrifuge tests, cyclic triaxial tests with 50cSt
silicon oil are camed out.
The test conditions are as follows :
Input motion:sinusoidal wave wuh 0. le
Back pressure : 2kgf/cm® - '
Initial effective vertical stress: ¢ o= 0, 5kgf/cm
Confining pressure : altemating

3.2 Centrifuge model tests

All the centrifuge tests are performed at S0g
centrifugal  acceleration ficld. Transducers are
installed during the model preparation, at locations
shown in Figure 2.
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Figure 2 Typical location of transducers

Table 2 Summary of test conditions
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Data are stored in two ways : onc is a short period
data processing by the computer and the other is a
long period data processing by the data recorder. The
latter onc is adopted for the pore pressure and the
scttlement time historics. Twenty five centrifuge tests
were performed as shown in Table 2.

4 TEST RESULTS AND INTERPRETATION

4.1 Laboratory tests

(I)Tests for sand propertics
The results of the laboratory tests are summarized in

Table 3.
Table 3 Properties of sands

Material ToyouraSand | #5 Silica Sand | #8 Silica Sand
ps (glem) 2,665 2,660 2.646
P dmax (g/em?) 1.635 1.746 1.520
£ dmin (&/em?) 1.335 1.468 1.109
Dyo(mm) 0.161 0.420 0.096

(2) Permeability tests

The coefficient of permeability of the test ground is
on the order of 6.5X107% cm/s under both water
(1cSt) at gravitational force field and 50 ¢St silicon oil
at 50g centrifugal acceleration field. Therefore, the
time relevant to dissipation in the model is 1/50 of that
in the prototype, which is in agreement with the time
relevant to dynamic behavior.

(3) Cyclic triaxial tests

The relationships between cyclic stress ratio and
number of cycles to liquefaction are shown in Figure
3. The relationship is hardly affected by the difference
of pore fluid, water or silicon oil, under a loading
frequency of 0.1Hz.
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Figure 3 Results of cyclic triaxial (ests

4.2 Dynamic centrifuge model tests

(1 Rc§pon§c acceleration  The responsc acceleration
time histories at various locations at Test I1-2 are
shown in Figure 4, They are arranged according to
depth, from the base motion Al to the motion at the
ground surface Al0 or that at the top of the. footing
A6.‘ At 13.4m depth(A2, A7), liquefaction occurs
during the first or second cycle of the loading. As a
result, response accelerations at the shallower depths
arc not amplified. As will be mentioned later, this is
onc of the rcasons why the settlement does not
advance in proportion to the amplitude of input
acceleration.
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Figure 4 Acceleration time histories(Test 1 -2)

(2) Generation and dissipation of excess pore
pressure.

The generation and dissipation of excess pore
pressure at Test Il -2 are shown in Figure SAt deeper
depths(P1, P2, P8, P9,P10), liquefaction occurs
during the shaking, .but the excess pore pressure
ratios do ‘not reach 100% at most ‘shallower depths.
Because of the higher effective stress due to the
weight of footing and the load acting on the
superstructure, excess pore pressure generation under

~ the footing is less than that at a distance of 10¢m from

the footing center. After shaking, the excess pore
pressure propagates upward. As a resull, the
secondary liquefaction occurs in the region near the
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surface, except in regions whose stress state is
affected by the existence of the footing. Excess pore
ressure begins to decrease at deeper depth first, then
it propagates upward. At the deepest two depths, the
dissipation starts just after the' end of shaking.
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Figure 5 Excess pore pressure generation(Test H~2)

(3) Scttdement of the footing and ground surface

The main purpose of this study is to get information
about the parameters which affect the seitlement of the
footing due to soil liquefaction. The results related to
scttlement are summarized in Table 4, From the tables,
it is noticed that the settlements of both the footing
and the ground surface mainly occur after the shaking,
but not during the period of shaking,

- Effect of load -

As shown in Figure 6, the settlements of ground
surface both during and after the shaking are almost
independent on the load applied. The final footing
scttlements of the two cases, -15tf and 10tf, are
almost the same. At over 10tf of applied load,
however, they have a tendency to increase in
proportion to the applied load. This may be because
the load intensity cxceeds the residual strength of
liquefied soil. ,

* Effect of relative density ;
As shown in Figure 7, the relative density influences
‘the settlement of both the ground and the footings
strongly, especially on the final settlement of both the
footing and the ground surface,
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Table 4 Summary of settlements

Pesk. Obseeved sertbenent in the experinent Converted prototype sclement
Ace.on (mm) (o)
Test No mlr,(‘:« Surface Footing Surface Footing
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« Effect of liquefiable layer

The settlement during the shaking seems to be instant
and the amount of settlement depends on the
thickness of the liquefiable layer. The settlement after
the shaking also depends ‘on the thickness of the
liquefiable layer. That appears in the difference of ‘the
settlement ~ proceeding time during which the
secondary liquefaction ‘due to excess -pore pressure
propagation occurs at the upper part of the layer.(See
Figure 8)

. Effect of unliquefiable layer . ;
As shown in Figure 9, the existence of an
unliquefiable layer is effective in restraining
settlement. - #

+ Effect:of grain size o

As the index to express grain size, 50% diameter of
soil particle Dy, is adopted. The larger Dy I, ‘the
smaller the seftlement becomes. This is because in
larger Dy, ground the decrease In strength and
stiffness due to liquefaction diminishes,
“amount of settlement after the shaking is also affected
by the excess pore pressure dissipation time.

" Effect of amplitude of acceleration '
Figure 11.shows that ‘the increment *of “the ' final

seftlement - from - 60Gal fo 90Gal " input *changes

- significantly,. but the other incremets -are relatively

small, This can be explained by the following reasons.

In the case of 60Gal input, liquefaction cecurs 6ily' in
a deep region and does not propagate towards' the

and:. the:

'5 . ‘SETTLEMENT _
 CONVENTIONAL FORM

The ~settlemént of the footing for the - power
- transmission tower due to liquefaction is assumed to

ground surface. In the case of over 90Gal input,
however, a liquefaction region does not extend
abruptly during the shaking and the liquefied region
extends gradually according to the process of excess
pore pressure dissipation.

* Effect of number of cycles of loading
Scttlements both at the ground surface and at the
footing are small during the shaking, and the
differcnce between them is also small. The final
settlements both at the ground surface and at the
footing incrcase according to the increase in the
number of cycles. (See Figure 12) -

* Effect of width of the footing
The intensity of the load applied at the base of the
footing is kept constant in each test. The results are
shown in Figure 13. The settlement decreases
gradually, as the footing width increases. This may
be because the region where the liquefaction
resistance increases by effective stress extends in
proportion to the width of the footing.

(4Influence of pore fluid on the occurrence of
liquefaction _
From the viewpoints of the generation and dissipation
of excess pore pressure and settlement, the difference
between the behavior of water used as pore fluid and
silicon oil used is shown in Figure 14. In the silicon
oil test, excess pore pressures at some depths increase
continuously ‘even after shaking, and dissipation
starts at around 8 seconds. The tendency of scttlement
coincides with that of the excess pore pressure
generation and dissipation ; settlement increases even
after shaking, and it comes to an end when the excess
pore pressure starts to dissipate. In the water test, on
the contrary, excess pore pressures at all depths start
to dissipate even during the shaking, whether they
reach 100% excess pore pressure ratio or not. At the
moment the shaking finishes, the settlement stops.
From thé acceleration’ time histories, it is recognized
that the stiffness, once sofleried, tends to recover due

to the dissipation of excess pore pressure during the

shaking.
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Figure 14 Influence of pore fluid on liquefaction
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be éxpressed by the following equation.



S=S0'Cl'C2:***Cm*DI*D2+**+Dn ¢y

where,
S : Scttiement :
So :Settlement under particular standard condition
Cl~Cm : Deviating factors from Se relevant to
ground and input motion
D1~Dn : Deviating factors from So relevant to
the target structure
The following factors can be taken into account as an
example. ‘
* Thickness of liquefiable layer  (Ci)
* Thickness of unliquefiable Jayer- (C2)
* Relative density (C3)
* Grainsize  (C4)

+ Amplitude of adcceleration (C5)
* Number of cycles of loading (Co)
« Width of the footing = (D1)

* Load intensity (D2) .

* Penetration depth - -~ (D3)

The following condition is set as a standard and effect
(l)g each factor from the standard is shown in Figure
C1:13.2m, C2: 0m, C3: Dr =40%, C4 : Toyoura
sand, C5 : 90Gal, C6 : 20, D1 : 3.2m, D2 : 2.9tf/m?,
D3 :4.3m. x e .

If the site investigation and laboratory tests for the
parameters are conducted, ‘the - settlement ‘can - be
predicted fromequation (1) and Figure 15. For better
prediction, however, some modifications based on a

review of field data from real earthquakes' may be -

6 CONCLUSIONS

Dynamic centrifuge model tests and some element
tests were conducted to obtain data and information
for evaluating the scttlement of a power transmission
tower,

The results are summarized as follows.

1. From the permeability test and the centrifuge tests
for comparing the influence of porc fluid during
liquefaction, it is preferable to use silicon oil, instead
of water, under the centrifugal field. When silicon oil
is used as the pore fluid, settlements take place mainly
after the shaking, not during the period of shaking.

2. It is noticed that liquefaction occurs at the deep
zone and extends upward due to the propagation of
excess pore pressure. Therefore, even  after the
shaking liquefaction can propagate and the settlement
continues until the excess pore pressure starts to
dissipate. ‘

3. In spite of the excess pore pressure generation,
there exists an unliquefiable zone below the footing
mainly because oOf relatively high effective stress due
to the footing and the load.

4, From the parametric tests, an empirical procedure
for predicting the footing scttlement was indicated,
although it may need somé modifications.

ACKNOWLEDGMENT

This study was organized by the Association for
Development of Earthquake Prediction. The authors
would like to express their appreciation to the people

necessary. . e ; . . LN
v S who joined the discussion and assisted thern in
centrifuge tests.
25
z N T : .
| NG c4
LS -
5 c1f 4 2 \ \
8 ! =0 ; ; X : e
0.5 o —— \( .
0 — -
0 2 4 6 8 10 12 g 3 2 3 4 5 60 0 40 6 o o1 02 03 04 05
_lkiqllg&a:‘l‘;w:;ﬁ]nczrs") Unliquéfiable Layer (m) Relative Density (%) D50 (mm)
2 B o ]
' D 2
15 ch C6 D1 : ‘Y[,__
- “lad Db
o§ 1 O A ) n_'c\‘ .'5q "L\'i .
s 4 . o
05 <
% 100 200 %0 3 s 0 1 20 s 20 0 4 1 ?:,..T 2 ez 3
Acceleration (Gal) Number of Cycles ~ Footing Width (m) " Additional Load(tf/m2)
_ Figure 15 Déviating factors ™ »
REFERENCES Conference on  Soil . Mechanics and Foundation

[) Ishihara, K. (1994) : Review of the predictions for
model | in the VELACS ‘program,: Veiification "of
Numerical Procedures for the ~Analysis of Soil
Liquefaction Progtams Vol. 2, pp. 1353~1368. .
2) Sakemi, T. et al. (1995)-: Permeability. of pore
fluids in the centrifugal field, 8ih-Asian Regional

Engineering, pp. 481~484, .~ = .
3) Kawasaki, K. et al. (1996) . Dynamic Centrifuge
Modeling of an Isolated * Footing for Transmission

Line: . Tower, Proceedings from the Sixth™Japan-

0.5, Workshop on Baithquake Resistant Design’ of

Lifeling. . Facilities - and  Countermeasures’ Against

Soil Liquefaction, pp.243~258."

—60 —

T e

A e e




PROBLEMS TO BE SOLVED

1. Mechanism of settlement of the footing

-

T %

—'¥—' T ,orE

bulb : unliquefiable bulb - - S ﬁ ﬂ 5
) ./._' . . vt ) o MRS
- - 7 liquefied layer k . ﬁ% ‘
(a) Occurrence of liquefaction (b) Progress of éettlement

settlement
I [

4

—3

dissipation of excess pore L .
pressure—recover of ) .

strength and shear modulus ST
unliquefied layer

(c) Stop of settlement (Pattern 1) ¢) Stop of settlement (Pattern 2)
Fig. 1 One idea of the mechanism of settlerhent

2. Applicability of the test results
* Test results : Sp=35cm
+ Settlement of power transmission towers during the 1964 Niigata earthquake : Sy=66¢m
+ Settlement of buildings during the 1964 Niigata earthquake : ‘Sp=+2.5m (?)

~60.0
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Thickness of liquefied layer -B/2 (m)
Fig. 2 Relationship between settlement of power transmission towers and thickness of
liquefied layer during the 1964 Niigata earthquake



Estimated settlement (cm)
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Fig. 3 Relationship between measured settlement of buildings during the 1964 Niigata

earthquake and estimated settlements

3. Appropriate material for sil'ty"sand
4. Reliability of test results under very strong shaking

5. Economical countermeasures for existing footings
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Deformation Mechanism of Composite Breakwaters under Earthquake Shaking

Hayoung Kim" .
Hideo Sekiguchi? & Atsuji Takebe »
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ABSTRACI‘ A scncs “of ccntnfugal shakmg tablc fests ‘on composuc breakwaters resting on saturated sand deposits were performed
with viséous scal]ng mlroduccd In all'thé tcsts, telative 'dénsity of the saturatéd sand was varied dver a wide range. The experimental

rcsults mdlmtc that jn cach shakmg tést, the
the final ¢ caisson, settlcmcnt to thé thickaéss of a°

'ssop oontm usly settled, with time during the main carthquake shakmg The ratio of
' ‘ng sand layer dccrcascd almost lmearly with i mcrcasmg rclauvc dénsity

ppo
of the supporting sand laycr Thése results suggcst ‘that the tain mechanism responsible for the seitlement of the caisson was cyclic
shear deformation of the loosély packed soil bencath’ the caisson/mound sysfem.

1 INTRODUCTION

the éffect of hquakc shakmg Nch xt_cnswc damagc
occufied to the composite ‘breakwatérs in the port of Kobe'dié to
the 1995 Hyogoken:Nambu carthquake[Sekiguchi, kita ¢t al,,
1996; Port Bureau Ministry of Transport et ali~1 97] This fact
’ sxgmﬁcancc of thc caﬂhquake-resnstant desngn of

arjne,
thc'currcnt dcsxgn practices. Most of the’ composue brcakwatcrs
in Kobe Port were constructcd on a foundation of fill sand which
replaced the clay. layer of the seabed, The caissons séttléd into
the nibble mounds and pushcd the rubble mounds outward, The

maximum settlcment obscn/cd was 2. 6m at brcakwater No.7 in

Kobe Port, ...

. The stablhty ‘of composue brcakwaters und
shakmg présents a range of problems involving dynamxc soil-
water-structure interactions, depending on the relative impor-
tancc of such factors as[Sekiguchi and Kita, 1996}: ks

O Accelération dt1 dt2

measurement
<= Displacement a3 .
. measurement Acce . : 4
YO v
O Pore pressute -n isson

“meéasuremént |

L~

a:lppte om,t7

. t3 SEoiend
Oppt9 ‘Ux";‘ Opptd  Qpus

Oppt1  Oppe2

S s 400“

Fig-1 Cross-section of a centnfuge model

- Dynamm ﬂuld pressurc on both sides of thc caisson
- Shppage at'the caisson—mbblc mound mccrfaoc

- Tnitial stress staté in the rubble mound

- Liquefaction of soil near the to¢ of the rubblé mound
» Cyclic, shear of the foundation soil béncath the caxmn due to
carlhquakc shakmg
- Mass transport between the rubblc ‘mound ‘and the foundauon
soil

In order to investigatc into some of these problems, the
authors performed a series of centrifugal shaking tabel tests on
composite breakwaters resting on sand deposits, In what follows,
the pnnmpal resuits will be presented and discussed,

2 CENTRIFUGE SHAKING- TABLB TESTS

Al thc centrifuge shaking-table lests were conducted ata stcady
staté ‘centrifugal acceleration of 30g The arrangement ‘of the
model and the transducers used aré shown in Fig.1, Foundation
sand and rubble mouud tised in the’ models. were Keisa No, 7 and
Keisa No. 4, tcspcchely “The. spec:ﬁc gravnty, the minimum
voxd ratio and the maximum vmd ratio, of Kc:sa No. 7 are 2.69,
0.67 and 1.15, re.spectxvcly The spcmﬁc grav;ty, the minimum
vold-ratio and:the maximum void ratio of Keisa No, 4 afe 2.64,
0762 and 1.038, rﬁpectwcly‘ Sand (Keisa No. 7) was poured
intd the model container in a controlled mannér to achieve a
range of void ratios (¢) or relahve densitiés (Dr). At appropriate
stages, transducers were set into position in  the soil,

A trapézoidal mound was made on level ground aftér the
foundation ground was consolidated for about 30 minutes in a
steady “state centrifugal -acceleration. The mound was 120mm
widé at the crest, 35mm high and had side slopes of 1:1.5. The
moutid was heavily densified, A'rigid caisson of 60mm X 100mm
X100mm rested on thc mound The_caisson had a mass of

‘142k&

“Thre¢ laser-type dxsplacement gages wcre used to measure the
vertical displacements - at two points on top of caisson and the
honzontal dtsplaoement it one poiat of the caisson, ;

“Colored sand, which had the same physiml propertiés as the
foundation sbil, was instdiled to form gnds and the deformation
paftérns ‘dug “to ‘earthquake shaking were. fecorded by taking
photographs. To dbserve possxble mass transport between the
mound and foundation soil, a layer of esloted sand was placed to
form the uppermost layer of the ground
. Viséo "séulm“ ;'Was inftoduced so as to match the time scal-
mg laws of vxbratxon and éonsolidation, Specifically, silicon oil
wnh a viscosity coefficient of 30cSt was used as the pore fluid,

" “Bach centnfuge mode! was subjected to 20 cycles of sinusoi-
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dal excilation at a frequency of 30Hz, with a peak acceleration of
about 3 gravities,

3 EXPERIMENT RESULTS

A total of six centrifugal shaking table tests were performed,

with different relative densities Dr of the foundation sand(Table -

1).
Table 1, Cenlrifuge shaking-table tests performed
Case No, | Dr (%) Case No, Dr (%)
KHO3 25 KHO06 52
KHO4 33 KH07 95
KH05 81 KH08 75

3.1 Plastic deformation pattern of ground due to shaking

The pattems of deformation of four bréakwater foundations ob-

tained after shaking is shown in Fig.2. In‘the case of the loosest
foundation ‘soil (Dr=25%), the caisson tiltéed significantly and
underwent very large settlements. When a supporting sand layér
densified highly to a relatively density of 81%, little settlement
was induced, In the intermediate vatues of Dr, the caisson settled
vertically into the foundation sand, Note that the supporting sand
block below the caisson compressed remarkably and theé ground
surface in the open areas upheaved. ,

It is noteworthy that the compréssion of the mound was fég-
libly small except for the Dr=25% case. Therefore, the séttle-
ment of caisson afised from the compression of a column of
foundation soil.

(a) Case KHO3
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3.2 Time histories of calsson settlement

Three lime histories of caisson settlements are shown in Fig.3.
Note that the curves by displacement gages dtl and dt2 almost
overlapped in Figs.3(b) through Pig.3(d). In fact, cach case
rocked evenly during shaking and settled vertically. As a result,
the residual horizontal displacement was very small, In cases
KHO04 and KHO06, the caisson continuously settled with time
during the main carthquake shaking. In Case KHOS with a
densely packed sand (Dr=81%), the settlement of the caisson
terminated in the early stage of the main carthquake shaking. .

It is evident that with increasing Dr of the foundation soil, the
caisson underwent a smaller final settlement. This important as-
pect can be more clearly seen in Fig.4, where the caisson settle-
ment is normalized by dividing by the thickness D of the foun-
dation soil and is plotted against the relative density Dr of the
foundation soil. The caisson resting on a loosely packed sand
fayer (Dr=25%) uderwent an S/D ratio as high as 22%. It is in-
teresting to note that the S/D ratio of the caisson decreased al-
most lincarly with increasing relative density of the supporting
sand layer, realizing an S/D ratic’ of 1% when the supporting
sand layér densified to a relative density of 95%.

3.3 Excess pore pressures in the supporting sand layer

Three time histories of excess pore pressures, located along the
centerline at mid depth of the foundation soil for KHO04, are
shown in Fig.5, Excess poré pressure ppt5 is typical of the free
field tesponse. The foundation soil in the frée field reached in a
state of liquefaction. Therefore, dissipation of the ‘excess pore
pressure in this position (pptS) after shaking was slower wheén
compared with that beneath the caisson. The pore pressure of
supporiing sand layer (ppt3) beneath the caisson was smaller in

(c) Case KHO6
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Fig. 2 Déformation of composite breakwater Induced by earthquake shaking
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value, and it was initially negative due to dilatancy. The pore
pressures under the foundation continued to increase after the
shaking due to migration of the pore fluid from the free field or
from the deeper ground,

The maximum ¢xcess pore pressures g, measured at differ-
ent positions are plotted in Fig. 6 against the horizontal coordi-
nate x from the center line of the caisson. The solid lines in Fig,
6 indicate the horizontal variations of initial vertical effective
stresses 0 g for the five cases indicated, which were calculated
on the basis of the theory of elasticity[Poulos and Davis, 1974).
In the loose or medium dense sand cases, the maximum excess
pore pressures observed in the free field (pptS) reached the lev-
els of the initial vertical effective stress indicated. However, in
the soil beneath the caisson (ppt3), the maximum excess pore
Pressure Uy, corresponded to 40% of 0 ., or less,

4 DISCUSSION

This section will discuss the deformation mechanism of the
composite breakwaters under carthquake shaking due to the
centrifugal shaking table tests described in the preceding section.

Note that the caisson continuously settled with time during
the main carthquake shaking, and that when shaking was
stopped, the caisson immediately stopped settling. The dissipa-
tion of excess pore pressures in the ground after shaking was
rather slow, These results suggest that the main mechanism re-
sponsible for the settlement of the caisson was cyclic shear de-
formation of the soil beneath the caisson/mound system.

According to the resulls of cyclic torsional undrained shear
tests on saturated sand, a significant amount of vertical compres-
sion can ‘develop in the course of undrained cyclic shear-
ing[Sekiguchi, Tanaka et al.(1996)). The cyclic shear deforma-
tion under these undrained conditions can be thought as a cause
of the settlément of the caisson structure, The important thing is
that éven if the supporting sand below a heavy rigid structure
does not undergo complete liquefaction, a significant settlement
due to the compression of the supporting sand may b¢ brought
about according to the mechanism suggested above.

5 CONCLUSIONS

A séries of centrifugal shaking table tests were performed on
composite breakwaters resting on sand deposits. The main re-
sults ‘of ¢btained are as follows. L

1) The caisson rocked evenly during shaking and settled ver-
tically, except when the foundation soil was very loosely packéd.

2) When the caisson rested on a very loosely packed sand
layer (Dr=25%), it underwent the ratio of settlement S to the
sand thickness D as high as 22% . With increasing relative den-
sity of the supporting sand layer, the S/D ratio of the caisson
decreased almost linearly, realizing an S/D ratio of 1% when the
supporting sand layer densified to a relative density of 95%.

3) The nieasured maximum pore pressures Upe, in the soil be-
low the caisson were smaller in value than the initial vertical ef-
fective stresses O '\, irrespective of the relative density of the
foundation soil, In contrast, the maximum excess pore pressures
U measured in the free field rose to the level of 0 'y when the
sand deposit was in the state of loose or medium dense, indicat-
ing the occurrence of liquefaction in the free field. ]

4) The seismic instability of the foundation soil was a form of
repeated bearing-capacity failure; although the soil in the free
field took the form of liquefaction. .

5) Theé caisson continuously settled with time during the main
earthquake shaking, with no significant dissipation of excess
pore pressures, These results suggest that the main mechanism
responsible for the settlement of the caisson was a form of re-
peated bearing-capacity failure, pérmitting the vertical compres-
sion to accompany the lateral expansion that was superimposed
on the simple shear type of straining.
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CYCLIC TRIAXIAL TESTS ON CRUSHED MUD STONE AND
EFFECTS OF AGEING

Ikuo Towhata, Professor of Civil Engineering, University of Tokyo

Hwang Chung-Yuan, Master Student, University of Tokyo

ABSTRACT

Cyclic triaxial tests were carried out on crushed mud stone in order to understand
the reason why the south halves of Rokko and Port Islands did not suffer liquefaction
damage during the 1995 Kobe earthquake. A special attention was paid to ageing
effects which was reproduced somehow in the laboratory within a short research
period by heating the specimens at 90°C. It was found that the contained fines
content not only increased the liquefac-

tion resistance directly but also induced Area of liquetfaction and sand boils
ageing effects by which the liquefaction detected in air photos

resistance further increased.

INTRODUCTION

The 1995 Kobe earthquake caused sig-
nificant liquefaction in many man-made
islands. It is noteworthy, however, that
the south half of the Rokko Island did
not suffer the effects of liquefaction
(Fig.1). This lack of liquefaction damage Rokko Isiand

is partly due to the soil improvement. ) .

But attention should be paid to the fact  Fig.1 Area of liquefaction in Rokko
that areas without soil improvement did Island (DeveIOpment'Bureau of
not have liquefaction either. The present Kobe City, 1995).

study concerns with the reason for this.

Figure 2 illustrates the years of
land filling in Rokko Island. The
south half was constructed later
than the north half. Ohta et al.
(1997) discussed that the seabed
clayey soil under such a young
artificial island was in the state
of underconsolidation and that its
soft nature made difficult the full
transmission of the seismic ener-
gy to the surface fill. The reduced
intensity of the surface motion,

consequently, decreased the pos- 19XX: year of l“,'{d, reclamalion in Rokko Tsland
sibility of liquefaction. Tanaka :oza:decomgosed graite

(1998) made a similar point as udstone ond sondstone |
wall, - Fig:2 Years of land filling in Rokko Island

In contrast to the viewpoints of A , )
seisntic response as quoted above, (Development Bureau of Kobe City, 1995).
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the present paper is inter-
ested in the soil properties
in the concerned area,
Fig.3 reveals the types of
fill materials in Rokko Is-

land. It is found in this fig-

ure that the south of the
island where liquefaction

Types of fill materials in Rokko Island

was not significant is made Decomposed

of crushed mud stone as wedthered granite

well as sandstone that

were borrowed from sites Decomposed tertiary mud stone

of Kobe group of forma-
tions. On the other hand,
the north part which were
affected by liquefaction is

f . an- ) ‘ _
made of decomposed gran Fig.3 Types of fill materials in Rokko Island

ite. I trast to the de-
;o?npgsz(()ing::iiteowhjih ‘ias - (Development Bureau of Kobe City, 1995).

basically a silicate materi- _ |
al, similar to sand to some extent, the mud stone is composed of clay minerals

which may behave in different manners from sand during earthquake shaking.

There are two important points in seismic behavior of clayey materials, The first
point is the effects of fines content. Hyodo and Uchida (1998) showed that the
liquefaction resistance of sand increases as the plasticity index becomes greater.
The second point is the effects of ageing, Wakamatsu et al. (1990) assessed the
magnitude of the maximum acceleration at many artificial islands where lique-
faction did and did not occur during past earthquakes. It was shown that the
more aged subsoil required a greater surface acceleration to liquefy, suggesting
that the resistance to liquefaction increased with age.

The effects of age or the duration time of consolidation on dynamic strength of
clean sand have been studied by carrying out cyclic undrained tests in laboratories
(Mulilis et al. (1977) as well as Tatsuoka et al. (1988)). It was shown that the
strength increases with time, although the reason for the ageing effects is not
known yet. Goto (1994) heated specimens of Toyoura sand with and without clay
contents at 80°C for two weeks. He showed that the liquefaction resistance

increased to some extent.

REPRODUCTION OF AGEING 1.56 — S s
EFFECTS BY CONSOLIDATION - Ripdmaiinvsiosmidl |
UNDER HIGH TEMPERATURE = '% N [ [gso: room lemperature I

) o K ‘8\ ) . of secondary comp.
Consolidation of clay and clay miner- § "4~ g;%g‘%f; | _
als under elevated temperatures is » _f A %o, | T 'Soc.heating
attracting engineering concern re- 2T A, 1 | ¥ 80 o | |
cently because heated consolidation | - ""‘-m’.‘_é.-.e;,:z‘ ;\:JA’- oy

seems to reproduce the effects of long- BE | ‘ | °.‘\.;_.‘['\‘~|~\.“
: L |y [

?g&n oii?ls;loéldatlon within a short pe- 146515726 50 160 200 5001000 2 500010000 2 50000
Figure 4 indicates a consolidation test Blapsed {ime.in minutes o
on MC clay which ig similarto kaolin.  Fig.4 Effects of heating on consolidation
It is seéen there that the volume ofa ~ of MCrclay. o

-~ 68 —

At

o
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specimen suddenly contracted upon 90
°C heating in the course of secondary
compression. It appears that the heat-
ing shortened the time required for vol-
ume contraction, Heating of at max-
imum 200°C, however, does not change
the nature of clay minerals (Towhata
et al., 1993).

Undrained triaxial compression tests on
MC clay was conducted in order to study
the effects of heating on stress-strain
behavior of clay. A special triaxial device
provided with a heater was employed
(Fig.6). Under elevated temperatures,
the normally consolidated specimens
developed the greater shear strength
(Fig.6) and less excess pore water pres-
sure (Fig.7). Thus, the material proper-
ties were improved by heating,

A more detailed study on reproduction

Yot Lood cell
= TT ) §
¥ Codling woler
Air ~C>
_pressure
7] Temperalure
probe f(or
Heater - L cell water
Temp. probe for
Oultir ;:E‘ cell_oir
cel
! 1f = laner cell
Propeller & Z-:_E.
-_-'" ey L1l Insulotor
Motor, gv N té% Cooling water
v
Pore pressure
) (D X O)_ transducer
Bell drive # L
C — " Cooling waler

of ageing effects by means of heating is  Fig.5 Triaxial shear device with heater.

presented below. Consolidation

tests with and without heating
were conducted on reconstituted
specimens of sodium bentonite to-
gether with its mother stone which
were collected at Tsukinuno ben- -
tonite mine in Yamagata. A site
geologist stated that approximate-
ly six million years have passed
since the original material became
bentonite. For preparation of re-

=]
(=)

Deviator stress 07-0yin kPa
&
(=]

120—

v T T T T T T
Sheared under 90°C

Heated triaxial CU tests
MC clay, 0¢'= 196 kPa
__|Type no.1

o

constituted samples, slurry of ben-
tonite was lightly compressed in
a large box for either 6 months or
3 years, after which specimens
were trimmed out and were sub-
Jjected to consolidation tests under room
temperature or 90°C. Specimens of over
six-million-year-old age were directly
trimmed from the mother stone and were
placed in oedometers.

(=]

The void ratio (e) versus effective stress
(P) relationship is indicated in Fig.8, The
primary: consolidation of reconstituted
samples in the laboratory was not able to
reduce the void ratio to the values of the
mother stone. Under the high temper-
ature, in contrast, it was possible to attain
the void ratio of the mother stone more
easily because the heating caused more
volume contraction. Fig.9 indicates the

Axial strain in %

Fig.6 Undrained stress-strain behavior
of MC clay under high temperature.

>
o
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' Fig.? Undrained stress-path
behavior of MC clay under high
temperature.
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volume compressibility, m . It Temperalire  Age
appears that consolidation un- 10000 © Room 0o¢ >§ million
Room i
der 90°C was able to attain 1= T T Mother stone -,
the similar m, as that of the 4 Room temperolure see gl
mother stone, while consoli- @ || foom temserature > ™ ades, 4 gbI
dation under the room tem- = 1000 o R
perature could not. Conse- a’ s o
quently, it seems reasonable I S
to state that heated consolida- ¢ ¢ wppoo0n
tion can reproduce the behav- @ “s qo &
ior of aged soil within shorter ¢ 100 S a
period of time. 5t s, ¢
B Alame —
w Consolidalion tests on bentonite
. and its mother mud stone i
‘0 1 l il I 1
[ 5 4 3 2 1 0

Void ratio

Fig.8 Measured e-P’ relationships of bentonite
together with its mother stone.
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Fig.9 Volume compressibility of bentonite together
with its mother stone.

CYCLIC TRIAXTIAL TESTS ON CRUSHED MUD STONE

A block of mud stone was collected from the Ikawa-Dani area in Kobe where the
type of tertiary rock was similar to those employed for reclamation of Rokko
Island. The collected stone was crushed into small particles which were used in
liquefaction tests. For comparison purposes, Toyoura sand was tested as well.

Both materials were of similar mean grain size of 200 microns, while the crushed
mud stone had 14.1 % fines content. The maximum and minimum void ratios of
the crushed mud stone are 1.86 and-1.19, respectively. The specimens of crushed
mud stone included clay minerals and were expected to show an ageing effects,

while Toyoura sand made of silicate minerals does'not.: Both materials were
pluviated in air to form a specimen of 40% relativé density together with 6cm-in
diameter and 10¢m in height Specimens were saturated with B>0.96 and were

isotropically consolidated under 100kPa. ‘The period of undrained cyclic loadmg 7

with a prescribed stress amplitude was two minutes for one cycle.
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The duration of consolidation was 1 5

day, 3 days, or 6 days. When heatin o LT
at 90 °C was planned, 3 hours per da?r B , leé?r?sgl?ggggndumg

was spent for it, Hence, the total du-  1.4}— 62 :

ration of consolidation was same !

whether or not a specimen was heated. é o e stone,
Fig.10 indicates the volume change of o 1.2 & 090°C ' —_
the specimens during consolidation. ©

While the void ratio of Toyoura sand o '

did not decrease very much, the £'90

crushgd mud st?ne (ceixhibited a signif- ,

icant decrease of void ratio, increasing

the relative density from 40% to, on %" 'ﬁ:nd

average, 80%. This densification ap- room temp. '

pears to contribute to the increased . I T
liquefaction resistance of the material "o 50 100 150 200
as will be shown later on. Mean effective stress P (kPa)

Fig.10 Volume compression of crushed
mud stone during consolidation.

ne A ERTR )

Photo 1 Microscopic appearance of  Photo 2 Micr’os@pic appearance of |

the crushed mud stone. Toyoura sand.
The significant volume compressibil- — - : —
ity of the mud stone was probably Undrained cycic triaxial tests | =
related to the fines content. Photos on crushed mud stone : A
1 and 2 reveal the microscopic pho- . |~ e eyde e
tographs of the two materials. Ap- &€ | [% o '

& Oy 120¢=0.175

parently the particles of the crushed g o
mud stone are covered by fines while &
those of Toyoura sand are not. It -2 ‘
seems that the fine particles at the ¢ | [Consolidated under feom
surface helped attain a large void ©_, 2 ~—e—§ doys, Dr=85.5"% |-
ratio during air pluviation. It is fur- e 0 S
ther possible that the volume con- ] I |
traction upon consolidation wassub- b 00 -005 000, o0 00 05
stantial in the fines, making the final Axial strain (%)

relative density 80% and achieving - Fig.11 Undrained stress-strain behavior
a good resistance against liquefac- of ¢rushed mud stone with three different
tion. consolidation time.

Figures 11 and 12 compare the undrained ayelic behavior of the crushed mud
stone without heating. The data from the first cycle of loading, in particular, are
employed here, Although the initial condition prior to cyclic loading was identical,

_71 —
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the specimen of 6-day consol-

idation was stiffer than others  «oy—

as evidenced by its smaller
strain amplitude. Moreover, it

Undrained cyclic trioxial lests
on crushed mud stone

Siress poths in the Ist cycle

~
=]

developed the least excess pore
water pressure among the
three.

0; =100kPo
031 1207 =0.175

Isotropicaily consolidated -

Oeviator steess (xPo)
o

.
~
<

Liquefaction curves of the test-
ed materials are shown in
Fig.13 where the number of cy-
cles required to develop the

under room temperclure for
—-%— 6 doys, 0Or=85.5*,

s 3 days, 85.4%,
reereeeer } doy, 32.0%

double amplitude of axial -4q
strain equal to 6% are em-
ployed. Firstly, the stress ratio
of the crushed mud stone con-
solidated under the room tem-

80 90 ) 100

Elfeclive mean principol siress (kPo)

Fig.12 Stress path of crushed mud stone

with three different consolidation time.

perature is substantially great- 03 e
er than the stress ratio of Toy- Crushed mud stone [ Room s0°C
oura sand. This is due to the & o4y Pt [consotdated]. temp. oy
increased relative density dur- 3 0c=100kPa Jdoys| 4 s
ing consolidation, Most proba- ° osf .’ g 2oy | R O
bly, the fill of Rokko Island be- 3 o %0
came dense similarly during con- o o2} k""il\
solidation under the effects of .§ ©~—gvy *T~¢"ia o0
its own weight. By examining ¢ o} [ﬂ,you—m;om o ,
the data more iI,l d-etail_’ it is 5 ] corrected lo Or=40%, room {emp, ld:y dgys sdgysl
found that the specimen after ol i o v e,
-100

one-day consolidation (with the
symbol of @) has the lowest lig-
uefaction resistance, and the
longer period of consolidation up

to 6 days increases the resistance;
see A and M. Moreover, the heating
for three hours per day further in-
creased the resistance. Although six
days with heating (0J) was not long
enough to reproduce the whole ef-
fects of ageing, it is still possible to
reproduce the significant increase of
the liquefaction resistance that oc-
curred during years after construc-
tion of Rokko Island; The increase
of stress ratio at 20 cycles is illus-
trated in Fig.14.

t o mlO ) _“1.0'00
Number of cycles fo DA=5% sirain

Fig.18 Meastired liquefaction resistance.
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Fig.14 Increase of liqueéfaction resistance
of crushed mud stone with consolidation

period.

INCREASE OF PLASTICITY WITH TIME IN CRUSHED MUD STONE

When tests with 6-day heating were terminated, oné of the specimens ' was used
to measure the post-testing fines content. It was found to'be 36.8% that was
much greater than the initial value of 14,1%. Hence, it was considered possible
that the original grains of mud stone were decomposed into finer material and
that the increased fines made the specimen more resistant against cyelic loading.

A SR
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With the view point as above,

the long~term change of the ma- 45 11y Consolidation time \a
terial property was investigated [ [Tests on tiquid limit 2 3 5ar; room ]
by placing the grains of crushed [ | 9} Crushed mud o doys; ‘emperolure | ]
mud stone in water for seven = | 2 3&o%, repeoted heating[ |
months. Both pure water and £ “° o_bdays, o 90°C -
salt water (salt concentration § | ° e S (=87 manins in pore vaier | |
being similar to that in seawa- § | 2924 00 S 1
ter) at room temperature were § - 2t 2 '\:__
used, After seven months, lig- £ | s § -
uid limit tests were carried out. s 1
Same tests were done also on . :

triaxial specimens after lique- 0 ———t—t—tuenl 2 ol i
faction tests as well. Number“:)l blowzso " *

Figure 15 manifests the results Fig.16 Increase of plasticity with time.

of liquid limit, tests. Firstly it

appears, although being not very evident, that the data points from heated
specimens lie above those without heating. Hence, probably the fines content
increased to some extent in six days. However, this increase was not enough to
change the material from NP (non-plastic) to plastic. Conversely, seven months
in pure water made the material (B in the figure) plastic with LL equal to 36%.
Since the real Rokko-Island subsoil had been in water for even a longer period,
there was more chance to have a greater plasticity and a reduced possibility of
liquefaction. It is noteworthy in Fig.15 that seven months in “salt” water did not
change the mud-stone grains to a plastic material. This is because the separation
of clay crystals in salty water was difficult due to the reduced size of the electric
double layer at the surface of crystals, It has been theoretically considered that
the thickness of the double layer decreases in water with ions (van Olphen,
1991). When the double layer is thin, clay grains can easily get contact with each
other and are likely to form bigger particles that make the crushed mud stone
more similar to sand. Authors suppose at this moment that the ground water in
Rokko and Port Island§ were fresh at the time of the earthquake, becausé the
original salty sea water in the pore was gradually réplaced by the fresh rain
water.

CONCLUSIONS

The lack of significant liquefaction in the south halves of Rokko and Port Islands
during the earthquake in 1995 were investigated from the view point of material
properties. Cyclic triaxial tests were carried out on ¢rushed mud stone which
were similar to what composed the liquefaction-registant part of the island. A
special attention was paid to the effects of ageing on the liquefaction resistance.
Accordingly, the following conclusions were drawn as the reasons for the lack of
liquefaction in Rokko Island.

1) The c¢rushed mud stone includes a certain amount of fines content which can

improve the resistance against liquefaction, ,

2) The fines content causes significant volume contraction upon consolidation,
leading to the increased liquefaction resistance,

3) Liquefaction resistance further increases with the period of consolidation (age-
ing).

4) ggating during consolidation makes this ageing effects more remarkable,
probably reproducing the long-term change of the material property in a
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short period of time.
5) Fines contént increases with time and increases the hquefactlon reswtance
This phenomenon is more significant when the pore waber is fresh. :
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ABSTRACT: Improved physical evidence is needed of the processes and mechanisms involved in the occurrence
of liquefaction as soil strength deteriorates to a'residual state to allow the developmeént of new; more refined

analyses for dam safety and more cost-effective and safe seismic remediation. Reliable physical evidence can only
come from field or equivalent-field data’ of behavior under well known and defined conditions. It has been
concluded that the only practical route by which this can be achieved is through the use of the centrifuge. This
paper describes the centrifuge experiments being undertaken to capture data of equivalent prototype behavior under
dynamic loading and preliminary results. ‘The research'is part of the ongoing U.S. Arniy Engineer Earthquake
Engineering Research Program (EQEN) at the U.S: Army Engmeer Waterways Experiment Station (WES) and

is using the dynamic base shaking capability of the unique WES résearch centrifuge. - Our objectives are: (1)
improve the Slmplllled liquefaction methodology correction’ factors, Ko atid: Kéi; because this method will always
be used with in-situ- measurements ‘for ‘initial - field 1nvest1gatlons and for verification of dam and foundation
impiovements, (2) define better the behavioriof liquefying soil and éffects on dam ‘behavior, (3) expand our
earthiquake case hlstory data base with better knownconditions and responses, and (4) provide progressive results
for- immediate usé in‘UiS! Army Corps ‘of Enginers prOJects The .approach of thrs research to investigate the
behavror of quuefymg sorls is to use laboratory testmg, analytrcal procedures and centnﬁrge dynamlc model testmg

1~ INTRODUCTION 2 ENGINEERING PROBLEM-
Thls paper wrll present the brlef‘ background and the
problém ob}ectWe descnptlon of work and preliminary
restlts for the EQEN investigation:of the behavior of
thefymg “soil+ " materials;*The - “state<of:practice
assumptions concermng!the oceurrerice and behavior 6f
liquefied 'soil, fesidiial “strength:behavior, -and:dam
stability’ and’deformations :are not ‘valid-as:shown by
field'behavidr; numéricalanalyses:and physrcal model
test * results. ~ Our- objectlves :aré 1o “improve< the

2 l Current state-of practrce

.The‘pr 'ent state-of—practrce for determmmg the

equrlrbnum methods to,determme slip- plane stabrlrty

simplified quuef‘actlon methodology correction factors,
défitie betier'the behavior of quuefymg soil andeffects
on’ ddm’ behavisr expand our case history ‘data* bade
with- better“known* ¢onditionsdnd respOnses 2 and

provrde progréssive restlts for immediateuse in: ‘Corps

projects. The approach ‘of this reséarch to investigate
thé'behavior' of liquefyingsoils is-to’ use laboratdry
,testmg, analytrcal procedures ahd centrrﬁ,rge dynamrc
tésting. S

'and deformatron usmg resrdual strengths in thn case of

quuefactron

" I‘n[ -situ methods such as Standard Pe‘netratron Test
C o

empirical mrrelatron between/the péhetratron resrstance
and ' the pert‘orman_ e o posits_in  past
earthquakes. (Seed 1979). “the database ontriggering
liquefaction is based on data from level ground where
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surface evidence occurred. Soil conditions were
shallow at overburden pressures less than about 95.8
kPa (about 4.6m of depth). The data base is
normalized to an carthquake of magnitude 7.5.
Corrections for other earthquake magnitudes have to
be made (Seed & Harder, 1990, NCEER, 1996).

To extend the database to depths representative of
foundation soils under dams requires the use of
correction factors (Seed & Harder, 1990) for the
effects of overburden pressure and initial static shear-
stress. Correction for high overburden, Ko, is based
on laboratory test results of the ratio of cyclic-shear-
stress, CSS, to cause liquefaction at an overburden
effective-stress state, o', to that at a o', = 95.8 kPa.
Correction for initial static shear-stress, Ko, is based
on the ratio of CSS to cause liquefaction with initial
static shear-stress applied to that at no initial static
shear-stress.

A factor of safety, FSL, against the occurrence of
liquefaction, defined as 100 percent pore water
pressure, can be calculated as:

FSL = fi(N))¢o)Km Ko Kot /Teq

Where (N1)so is from SPT relations, Km is
earthquake magnitude or duration correction factor

and Teq is a percentage of peak earthquake indiiced

shear stress.

The FSL can be related to percent excess pore water
pressure. o

The correction factor Ko has a large influence for
dam foundations. It can reduce the CSS 'to cause
liquefaction to about 45 percent of its in-situ value at
pressures about 670 kPa that would exist beneath an
embankment dam about 30.5m high. Alternatively, if
we were deriving SPT criteria for remedial tieatment of
this dam to limit the potential level of earthquake
generated pore water pressures, the Ko factor would
cause an increase of more than double in'the required
penetration values to be measured in the field.” Clearly,
the correction factor can have a major impact on the
potential for triggering liquefaction or the ekcess
residual ‘pore water pressures and on the cost of
remediation. o

The correction factor Ko can also’ ¢ontribute
significanitly to the reduction of the in-situ stréngth.
However, for relative densities above 45-50 percent,
Kot can have a positive effect on’ the in-situ stréngth.
The Ko relationships are not well defined.

In application of the state-of-practice, we inherently

make the following assumptions: (1) the soil is always
undrained, (2) liquefaction occurs instantaneously and
the soil shear strength jumps to residual state, (3)
residual strength is constant with monotonic loading,
(4) liquefaction is independent of soil zone thickness,
permeability, or boundary conditions, (5) liquéfaction
is independent of when the earthquake peak energy
ariives, (6) behavior of the liquefied soil and its
resultant effects on a dam are independent of the soil
zone thickness, permeability, and boundary conditions,
(7) dam stability and deformation are controlled by
slip-planes independent of the liquefied soil zone
thickness and behavior, and (8) non-liquefied soil at a
site is unaffected by the earthquake. Field behavior,
numerical analyses, and physical model tests show that
these assumptions are invalid.

2.2 Research problem

Current studies -for more thorough evaluation of
liquefaction and for remediation design and analysis
have shown serious limitations in the state-of-practice.
The state-of-practice can force us to ‘make costly

‘excessive remediations when' possibly no ‘action is

required, but it can also lead us to make unsafe
conclusions in other cases. . _ ,
Significant -:progress .is -being made in  the

-dévelopment “of numerical methods;, for;;analysis;o,f
" liquefaction and-‘the consequences. However, . the

engineering profession will ‘most likely -always use
empirical correlation (Seed’s. or- others): of in-situ
measurements versus potential liquefaction, pore water
pressure generation and earthquake response.- Every
time a site is evaluated for a seismic design or
potentially liquefiable soil is improved and a dam
remediated, in-S$itu measurements will be ' made. A

“value/range of in-situ measurement to:achieve will be

specified for a construction/remediation contractor.
Some in-situ measure will be used to_judge soil
conditions/improvement and seismic safety of a dam or
site. Therefore,; improvement in our current state-of-
practice and the empirical correlations between in=situ
measures and performance of soil deposits has to be
made. e S T T RS SR RPPES
Current studies of." the . seismically-induced
deformation behavior of dams indicate that as soils are

-progressing toward, liquvefaction! (pore water pressure

is increasing and shear strain,is occurring) significant
deformations - of _the . structure .can. occur.  Failure

(damaging levels of deformation). can . develop

significantly before: the complete . initial, liquefaction
stage (100 percent pore water pressure ratio) is




reached. Depending on specific conditions involving
the location, depth and extent of liquefying soil and the
driving forces, a structure may fail at only 50 percent
strength reduction. In this case, remediation to assure
safe performance is required to prevent serious damage
significantly before an initial liquefaction condition and
a residual strength stage are arrived at in the soil.

The problems in the current state-of-practice stem
mainly from the fact that we do not know for the sites
that have liquefied and constitute the empirical basis for
analysis: (1) the exact and complete soil conditions and
profiles, (2) the real behavior that occurred in the soils
during and after the earthquakes or the various
influences on the behavior, (3) that the assumed non-
liquefied soils (used in comparison to liquefied soils)
did not. develop pore pressures or strains and change
state during the earthquakes, and (4) whether artificial
and possibly incorrect conditions in laboratory testing
may have led to conclusions not totally applicable to
the field behavior.

Improved definition and physical evidence is needed
of the processes and mechanisms involved as a soil
progresses to liquefaction and residual strength, This
is'needed to allow refined analyses for dam safety and
more cost-effective and safe remediation design and
analysis. Because we can make various assumptions
coupled with methodologies and' numerical analyses
that can'give solutions or answers to most anything, the
reality-check ‘of solutions must come from field or
equivalent-field data of behavior under well known and
definéd conditions.’

The "earthquake response database needs to be
expanded with more complete data to provide: (1) the
necessary advance in the state-of-practice, (2) a basis
for “modification - and improvement of current
methodology and assumptions, and (3) definition of the
physical processes and mechanisms involved in the
liquefaction process and resultant effects on dam
behavior. This would also provide the fundamentals
and basis for development of new methodology and
analyses New methodologies have to-be based on
correct mechamsms and processes.

Current - spec1ﬂc needs for "more thorough
earthquake engmeenng analyses can be identified from
examination of the last ‘two  decades of experience in
sensmle, évaluation _of embankment dams and the
¢ limitations that arise when remediation design
is attempted Studies mvolvmg lnquefactlon stability,
and seismic-induced’ deformation behavior of dams
raise - ‘serious - questlons that  impact the safe
performance and needs for remediation (eg, Ledbetter
and Finn, 1993, Ledbetter, et. al., 1994, Finn and
Ledbetter, 1991; Finn, et. al.; 1991 ’and 1994, Vaid and

Chern, 1985, Vaid and Thomas, 1994, Bryne and
Harder, 1991). For example, Vaid and Thomas (1994)
demonstrated that Ko for specific sand types may be
substantially less (more than a factor of 2) than
suggested by Seed and Harder. Pillai and Byme (1994)
showed for the foundation materials of Duncan Dam,
a Ko of 0.6 compared with 0.4 from the Sced and
Harder relation. This made a difference between
recommending remediation and no remediation. There
is a large spread of Ko relations and data by various
researchers that can influence whether to remediate a
dam at costs in the tens of million’s of dollars or not
remediate.

For the past thirty years, research has primarily
concentrated on the triggering of liquefaction of soils
both in the laboratory and in field sites. A significant
database has resulted of very important and necessary
information concerning the stress-state triggering of
liquefaction, cyclic load stress-ratio and the dynamic
properties of soils. Newmark, 1965, stressed that what
counted was whether the deformations that a dam
suffered during an earthquake were tolerable or not.
Peck, 1992, stated that of all measures of safety, the
most directly applicable results are the anticipated
deformations.

Due to the lack of knowledge and experience
involving the behavior of liquefiable soils under field
conditions, we are forced to make, for the critical
safety of dams, simplifying assumptions concerning
behavior. We are forced to disregard possible
significant controlling influences such as permeability,
boundary layers and pore water pressure dissipation
and migration.

Some specific needs are: (1) well defined and
complete shear stress-strain response curves for
earthquake loading including the residual strength
portion, (2) strains within a problem soil mass, (3)
effects of soil zone thickness, permeability, and
boundary conditions, (4) influence of adjacent soil
materials and of their permeabilities, (5) dissipation and
movement of excess residual pore pressure both during
and after an earthquake, (6) redistribution of stresses as
a soil is losing strength, (7) interaction of remediation
materials and adjacent soil, (8) dynamic response of
remediation materials and of remediated zones, (9)
improved Ko and Ko factors for the field evaluation of
remediation achievement and for improved first
estimates of liquefaction potential, (10) effects of
strong aftershocks and (11) dam internal behavior and
failure mechanisms in response to earthquake loading
and strength degradation.



3 DESCRIPTION OF RESEARCH

This research’is being conducted by investigations
employing laboratory testing, analytical procedures,
and centrifuge testing. Physical modeling of field
problems generally involves the construction and
experimentation with scale models of a prototype or
field structure. The response of the model to a physical
perturbation such as cyclic loading, earthquake, ocean
waves, explosion or even freezing or groundwater
changes can be measured and interpreted in terms of
the field problem under consideration. Realistic model
behavior data can provide valuable information for
designers about failure mechanisms and -long term
performance.

Scaling relationships can be derived from physical
principles ‘which ~ interpret centrifuge  model
experimental investigation data in prototype - terms
(Schofield 1980 and 1981, Schofield and Steedman
1988). These are summarized in Table 1.

Scaling Relations

Table 1. L B
‘PARAMETER ' | FIELD | - CENTRIFUGE
| MODEL (Ng)
Stress o o
Strain € €
Length, L LN
displacement :
Area A - AN?
Torce F F/N?
'Volume AY VN
Mass M ’ MIN3
Energy E- E/N?
‘Frequency - f Nf
Vclocny Y v
Acceleration | a ANy
Time (for memal St N
everts) - 3 U
Time(for | 't - t/N
diffusion events) *| - - o

‘The wude rahge ot‘ physncal phenomena that may be
créatéd in a éentrifuge and the quality and detail of the
data that may be captured from a model in-flight clearly
provides substantial opportunities for engineering
research studies. The Corps of Engineers has been

: Flgure 1.

involved with centrifige modeling since the 1970s; and
the recent development of the WES Centrifuge
Research Center in Vicksburg demonstrates the Army’s
full commitment towards the use of physical modeling
as an integral part of enginecring analysis.

Soil behaves non-lincarly and is stress-state
dependent.  Centrifuge testing is the best, most
practical, most economical, and the only method for
properly investigating and verifying earthquake induced
prototype behavior in soil,

3.1 The WES Centrifuge

The design specification of the centrifuge followed a
review of available academic facilities which had shown
that none were able to routinely conduct experimental
models of the large field structures and problems with
which the Corps is principally concerned (Ledbetter,
1991). The facility was therefore designed with a
unique operating envelope. It was required that model

‘containers should be easily placed on and off the

centrifuge and these requirements led to the design of
a beam centrifuge with a swinging platform based on
the French designed Acutronic 661, 665, and 680
series of geotechnical centrifuges. Other centrifuges in
this:: Acutronic - family include one at Rensselaer
Polytechnic Institute, Troy, New York, at the Centre
for Cold Oceans Resources Engineering, St. Johns,

‘Newfoundland, and several in Japan:and -Europe.

Figure 1 shows the WES Centrifuge in its containment
structure; key parameters are listed in Table 2 and
Figure 2 shows the performance envelope relating
payload capability -to  centrifugal . acceleration,
Prototypes of the-order of 300 m in breadth and 300 m
deép can be simulated in models subjected to up to 350

gravities (around 3500 m/s%).

22

WES centrifuge.
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Table 2. Key Characteristics of the Army Centrifuge

Army Centrifuge

Radius to platform 6.5m
Payload at 143 g 8000 kg
Payload at 350 g 2000 kg
Capacity 1144 g-tonne

8

7
3509
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a

0 100 200 300 400

_ ) Acceleration, g's .
Figure 2. WES centrifuge performance envelope.

A wide range of modeling capablhtles was requlred
and actuators and appurtenances have been desngned to
fulfill these requirements. Models can be constructed
in-a range of containers that depend on the geometry
of the problem under investigation (plane strain, axi-
symmetric, three dunensnonal etc.) and the type of
phenomenon to be recreated

Recent world-wide interest in centrlfuge modelmg
has concentrated - on geotechnical apphcatlons
however, - the. WES centnfuge facility has a much
broader mission. - The WES centrifuge will address
research needs: m physwal modeling across ‘the ﬁ.lll
range of engineering apphcatlons Investlgatlons are
possnble under climatic conditions ranging from desert
to polar to ocean regions, Key capabnhtles include: (1)
force -and dxsplacement controlled load systems, (2)
earthquake simulation, dynamlc v:bratlon loadmg and
water wave generation, (3) blast loadmg, (4) model
package environmental control,  (5)  in flight

m.a'lfipulation of the model materials and fluids, (6)
miniature instrumentation, cameras and in flight site
interrogation, and (7) high speed data acquisition and
control systems.

The new capabilities that will flow from the
centrifuge will depend on the i ingenuity of its users and
the design of its appurtenances. In this respect the
design of the centrifuge itsélf is merely one component
of the development of new capabilities in physical
modeling.

- The uniquely - large stored-angular-momentum
(SAM) shaker (Madhabushi, et. al, 1996) (Figure 3 &
4) designed to be capable of exciting dynamic motions
up to 200+ g will be used with the equivalent shear
beam box (Figure S) in this research.

walls

Figuré 4. Assermbled syster on WES centrifuge. -



Figure 5. Stacked ring ecquivalent shear beam
container.

3.2 Farthquake research

Centrifuge testing is being used to produce prototype
response under laboratory conditions and with
measured base shaking input motions and propagation.
The experiments are to: (1) obtain high-quality detail
and data for earthquake behavior case histories, (2)
investigate the Ko and Ka correction factors under
dynamic loading by shaking of the continuum rather
than by laboratory element tests, (3) measure and
investigate pore pressure behavior and response under
various conditions during and after earthquakes, (4)
measure and investigate strain, deformation, ‘and
softening behavior during and after earthquakes, (5)
measure and investigate the controlling effects of
permeability on pore pressure behavior during and after
earthquakes, and (6) measure and investigate the
effects of boundary conditions on the behavior of
liquefying soil. Each centrifuge test will yield results
relevant to several of the objectives in defining the
behavior of liquefying soils and effects on dam

response.

Laboratory testing will be used to: (1) develop and .

define the complete shear stress-strain curve for
earthquake-induced liquefying soil behavior including
the residual portion and the development of simplified
methods for obtaining the curve, (2) detérmine the
properties of soils used in the centrifuge dynamic tests
for both pre and post test conditions, (3) determine the
complete shear stress-strain curve for the soils used in
the centrifuge dynamic tests and (4) conduct cyclic
tests for the laboratory-based determination of Ko

and Ko for comparison to the centrifuge dynamic test

results.

Analytical procedures employing both numerical
dynamic-analysis - and conventional static-analysis
methods will be used for: (1) analysis of the centrifuge
results as an equivalent prototype and as a bridge
between the results and existing field case history data,
(2) identification of anticipated important parameters
and sensitivities for consideration in the centrifuge
dynamic tests, (3) careful design of centrifuge dynamic
tests to maximize the results and to obtain results from
each test that are applicable to several of the objectives,
(4) analyses of pre, during and post dynamic test
conditions, (5) extrapolation and comparison of
centrifuge test results to limit the number and extent of
needed tests and (6) important assistance in the
necessary understanding and definition of the physics of
the mechanisms and processes being investigated.

Results from the work of other researchers studying
residual strength, causes of liquefaction and flow of
liquefied soil will be incorporated and collaboration will
be made. However, this study is unique in that it
addresses the fundamental effective-stress behavior and
mechanisms of soil as it is in the process of liquefying
and not just the end point of a liquefied state. The
entire process of liquefaction and the controlling
conditions are key to eventual accurate predictions of
anticipated deformations; how much and where.

3.3 Centrifuge test plans

The first tests and studies are concerned with
evaluating Ko in céntrifuge tests of the behavior of
level ground for comparison with laboratory values.
Two soils, Ottawa and Nevada sand, and a mixture
with silts are planned for the tests. Both of these soils
are  well known ‘with extensive laboratory
investigations. Another soil 6r mixture with silt will be
used for low peérmeability and will be placed at a non-
liquefiable density to bound/confine liquefiable test soil
layers. It may also be used to investigate a deep
foundation layer beneath the liquefiable soil and a
transition from the rigid base through which the input
motion propagates to the test layers, -

At least three test layer depths and possibly five will
be used for each soil at different relativé densities and
at prototype ovérburdens ‘6f 95:8.t6 575 kPa.-

Pore pressure and acceleration:transducers placed
rédundantly are used to'measure behavior, Ko can be
calculated for each layer in ratio to the top layer at 95.8
kPa. Several dynamic excitations will'be used during
each test period to- determine the ‘effects of dynamic

excitation history and previous liquefaction on soil and

K& behavior. o

T T




Following the initial Ko test program, a similar
centrifuge test program will be developed for Ko
behavior. The tests will be conducted with embankment
dam loading to induce initial static shear stresses in the
foundation layers.

Test programs will also be conducted in similar
fashion to get equivalent prototype data addressing the
influences of permeability, boundary conditions and
layer thickness and liquefiable soil zone thickness on
the behavior of liquefying soil.  This will yield
significant effects on dam response both external and
internal; strains, softening, response during and post
earthquake, global behavior and failure modes.

4 RESEARCH EXPERIMENTS RESULTS

This section presents typical and preliminary results
from Ko centrifuge experiments. Figure 6 shows a
typical instrumented model of Nevada sand with a
loose layer beneath a denser layer that imposes a 95.8
kPa overburden pressure at 50 g centrifugal
acceleration. The sand layers were rained in place at a
relative density of 49% in the bottom and 74% in the
top. The instrumentation of pore-pressure and
accelerometer transducers is shown.

Figure 7 shows time history raw data from pore-
pressure transducers and accelerometers.

Figure 8 shows the Fourier transform combined with
harmonic wavelets analysis mapping (Butler, 1998).
Conventional methods of signal analysis using Fourier
transforms provide frequency information that is
averaged over the entire length of the acceleration time
history. This method of analysis fails to address the
changing spectral content of a non-stationary signal
that is produced by non-linear dynamic events and
consequently, adversely effects attempts to validate
numerical modeling techniques. The harmonic wavelet
technique for analyzing the changing frequency
response of a physical system will provide significant
new insights into the characteristics of soil behavior
and open new windows of understanding into its
complex dynamic response.

Figure 9 shows a typical acceleration amplification
profile as a function of base input motion. Figures 10
through 13 present shear-stress-ratio and number of
equivalent uniform cycles to liquefaction for a number
of centrifuge experiments. Figure 10 is for vertical
overburden confining pressures of 0.36 tsf, Figure 11
is for 0.8-1.6 tsf, and Figure 12 is for 2-2.6 tsf. Figure
13 presents a summary of the liquefaction data. Also
included on these figures is data representing the
response of the soil with an over-consolidation ratio of

2.5 that was induced by running the centrifuge to
higher acceleration and back to the test acceleration of
50 g. The implied result is that over-consolidation
does cause a different response.

5 CONCLUSIONS

The research described in this paper will provide
definition and clarification of the Ko and Ko correction
factors for use in the evaluation of dam remediation
and in the initial determination of liquefaction potential.
The results of this program will enhance significantly
our understanding of dam response and our capability
to determine and define Jiquefaction occurrence, its
potential to cause damage, and the need for mitigation.
Economic benefits will result in improved analysis,
design, and remediation requirements. The threat of
liquefaction will be lessened through better
understanding of the process and conditions for
earthquake induced strength loss and liquefaction.
Significant enhancement of the data base of earthquake
response will be made which will provide; (1)
modification and improvement of current methodology
and assumptions, and (2) definition of processes and
mechanisms for development of new analysis
methodology.
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Centrifuge Research Center

U. S. Army Engineer Waterways Experiment , Vicksburg MS, USA

The Centrifuge Research Cénter, located at the
Waterways Experiment Station (WES), supports the
Corps of Engineers and other Federal Agencies and
collaborates with industrial, commercial, academic,
and international organizations to address novel and
demanding engincering and scientific problems
worldwide.

Figure 1. WES centrifuge.
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Figure 2. WES centrifuge performance envelope.

The centrifuge can recreate a wide range of field
phenomena and environments under laboratory
conditions, generating realistic data to verify and
validate computer simulations and engineering
analyses.  Conditions imposed in the field are
replicated in physical models that are subject to the
full prototype self-weight stresses and strains.

Table 1. Key characteristics of the Army centrifuge.

Gravity range 10to 350 ¢
Platform radius 6.5m
Payload at 143¢ 8000kg
Payload.at 350¢g 2000kg
Centrifuge capacity 1144 tonnes

The Army centrifuge is unique in its range of
capabilities and breadth of research applications.
Primary thrusts of research are in the areas of:

s Blast effects

¢ Contaminant and groundwater migration
* Earthquake response of earth structures
* Vehicle mobility and pavements

¢ Physics of frozen soils and water

¢ Hydraulic and coastal processes

¢ Soil-structure-interaction

P Shsie u A% dﬁ xSl ; \ 3
Figure 3. Dynamic load actuator, stored angular
momentum, and equivalent shear beam container.
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The U.S. Army Centrifuge: . :

Wipawi Vanadit-Ellis, Gary D. Butler

U.S. Army Engineer Waterways Experiment, Vicksburg, MS, USA

Introduction

Modern  centrifuge  technology  has
afforded engineers the opportunity to
study the dynamic behavior of soils
including the phenomena of earthquake
induced liquefaction. Such studies provide
insight into the overall soil-fluid structure
response with a degree of flexibility that
cannot be acquired with large scale field
testing. Usage of these modeling
techniques by the US Army Corps of
Engineers focus on the design,
construction, and remediation of structures
in areas susceptible to earthquake
perturbations.  Today, numerous U.S.
Army facilities around the world, both
above and below the ground surface and
including  critical and  non-critical
structures, have been and will be located in
areas of high seismicity. With this in mind,
dynamic site response criteria and analysis
methods are needed to evaluate existing
facilities and provide design criteria for
future construction.  Based on such
research needs, investigations in the areas
of dynamic soil behavior, soil-structure
interaction, and earthquake engineering are
now a major thrust of the Army centrifuge.

Shhker System

The Army centrifuge has a self-contained
shaker system that has been designed

specifically for use with the Acutronic 684-
1 centrifuge, Figure 1. The Corps current

centrifuge earthquake modeling
capabilities are based on vyears of
centrifuge modeling experience from
worldwide industrial and academic
institutions.  The evolution of these

techniques to the current state-of-the-art
has now produced the capability to
investigate the dynamic behavior of soil
structures  at  large depths with a
consistency that previously could not be
achieved. This is accomplished using the
combination of new techniques with
respect to input motion, model boundary
conditions, data actuation acquisition, and
digital signal analysis.

The actuation system comprises two major
components. One is a support system for the
shaker that is mounted between the
centrifuge booms and the other is the shaking
unit that is mounted directly on the
centrifuge platform. The system mounted
between the booms is an air driven
lubrication system for the shaking unit. The
primary function of the system is to supply a
high-pressure oil/air mixture to the high-
speed bearings of the system, which are
used to support the drive shaft containing
the rotating flywheel assembly. Secondly,
the system also contains a set of solenoid
valves that control the delivery of air
pressure to the systems pneumatic
centering ‘mechanism that repositions the
model container after each shake.



Figure 1.  Shaker system on swing
platform.

Figure 2. Shaking platform.

The swing of the centrifuge contains the

primary shaking system. This system is -

composed of the driving motor, flywheels,
drive ‘train, and shaking platform. All
components are mounted to the large steel
base of the structure, which approximately
covers the total surface are of the
centrifuge’s swinging platform. - The
system was designed to rest on a 4 inch
thick layer of rubber padding which serves
to isolate vibrations created in the actuator
from the centrifuge, Figure 2. As seen in
Figure 3, a schematic shows the principal
components of the shaking system. An
electric motoris used to' power the drive
shaft : of ..the system to ‘the desired
operational frequency.:. The drive shaft is
composed of two flywheels, two
counterbalance units, and a timing disc for
speed control. The middle of the shaft
incorporates an eccentric cam with a throw

of 10mm. As the shaft rotates, a linkage
serves to transmit the reciprocal motion
from the eccentric to a rocker arm, which
in turn causes its rotation around a fixed

pivot point.
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Figure 3. Schematic of the WES SAM
system.

To control the displacement amplitude, the
system was manufactured with two
different rocker arms. The output motion
from the rocker arm results in the
reciprocation of a large rod inside a
hydraulic clutch. To deliver the shaking
energy to the model container, the
hydraulic clutch-must ‘quickly couple the
motion from the rocker arm with the
remaining sections of the shaker’s drive
train. The clutch has the ability to transfer
a maximum 5.5 tons of axial thrust; which
is dependent upon the input  hydraulic
pressure, and' coefficient of 'surface friction
within the clutching system. Once the
clutch is engaged, the flywheel energy is
transferred as a sinusoidal motion through
the remainder of the systems drive train to
the shaking platform of the system. Based
on the setting of rocker arm the input
motion can have plus or minus values of
49mm, 1.47mm, and 4.41mm.
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Model Container

It is desired that during the centrifuge
earthquake event, dynamic stresses and
strains are created in the soil model that
are similar to those found in a soil layer of
infinite lateral extent and finite depth under
dynamic prototype conditions. The scaling
of the dynamic event is well known
(Steedman, 1995) and shows that by
increasing the .0 scaled models shaking
frequency by N at N gOs will reproduce
the dynamic shear stress and strain
distribution seen at the prototype scale.

The creation of these stresses and strains
are the result of vertical and horizontal
shear forces imposed on the soil during
horizontal base shaking. Their magnitude
and frequency are a function of both the
input motion and the soils physical
properties. Ideally, these forces should be
identical on every vertical plane during
excitation.

To properly simulate these effects, the
centrifuge earthquake model container
must help to sustain the complimentary
shear stresses in the soil model during the
shaking event. Failure to do so leads to
the creation’ of distortions in the overall
stress field which results in a dynamic
rocking effect in the soil. To avoid this
and ' other container boundary effects,
Schofield and Zeng developed the design
criteria for “an ideal model container ‘for
earthquake centrifuge modeling (Schofield
and Zeng, 1989). The result was the
equivalent shear beam container.

The design of the equwalent shear beam
container was based ‘on the ‘assumption
that an’isotropic column of soil fesponds
as a contmu0us system and  ¢an  bé
idealized “as ‘an ‘equivalent shearbeam.
Therefore, it Was reasored that a contamer

and corresponding soil structure with an
equivalent dynamic  stiffness  would
respond with similar shear displacement
profiles under base excitation, reducing the
dynamic soil-container interaction effects.

The ESB was constructed from 11 rect-
angular aluminum frames separated by
flexible layers with shear sheets attached to
the end walls. The base length of the
container is 1198 mm and the base width is
358 mm with a maximum soil and fluid
carrying capacity of 336 kg. The rubber
stiffness was designed so that during base
shaking, the end walls will have the same
deflection as the liquefied soil in the model
container. Direct shear and dynamic tests
were - performed on various rubber
specimens as a method of matching the
lateral stiffness of the model container and
the soil, Figures 3 and 4.

Figure 3.
shear test.

Rubber specimen for direct



Figure 4. Direct shear test..

The shear modulus of the rubber ;is
determined as -a function. of anticipated
cyclic strain and excess pore pressure.. The
chosen specimen, with an acceptable shear
modulus for the construction of the ESB,
was automobile windshield sealant.
Despite .. the - hysterisis effects ~the
combination of a moderately hxgh shear
modulus and excellent sealing properties
make it the best material for construction
of the ESB, Figure 5. :

Fgure 5. ESB model container.

This design seems to satisfy most of the
requirements for modeling soil behavior,
different boxes may be needed for to
match different soil stiffness being tested.

Data Acquisition System

The Army centrifuge has 2 identical

earthquake data acquisition system, Figure
6.

Figure 6.  Onboard . data acquisition
system,

Each capable of recordmg 32 channels
measuring differential srgnals at maxrmum
sampling rate. of 5000 samples per second
mea'surm‘g 16 brts of resolutlon Typrcally
in earthquake centrifuge modelmg, one
data acquisition system measures up to 32
accelerometers  and the - sister system
measures up | to 32 other transducers The

acqursltlon hardWarev to be physwally'
mounted on_ the ~cen ‘fuge' between the

proxrmnty to the test specmlleln r‘educes
possrble noise generatlon that. can occur
when hardware Is. mounted further away

An onboard”’_o iputer that collects, stores,
and downloads the data v,rom memory, to a
host computer for post analysrs oontrols

the hardware
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response, this will contribute to the
calculated Fourier transform F(wp), but its
location in time will be lost. There is no
way of knowing whether the value of F(w)
at a particular o derives from frequencies
throughout the life’ of f{t) “or just a few
selected - periods. This applies " to
acceleration time histories taken from
centrifuge earthquake models.  During
such tests, the shear stiffness of the ‘soil
structure changes with void ratio, effective
stress and shear strain (Schofield -and
Zeng,1992). The rate and magnitude of
the - changing  properties depend on' the
initial boundary conditions as well as the
character of the base input motion. These
changes in physical properties therefore
result in a non-linear frequency response of
the soil whose changing dynamic
characteristics are lost with the FFT. Such
deficiencies *of Fourier analysis = are
overcome with the use of wavelet analysis
which provides an alteérnative way ' of
breaking a signal down into its constituent
parts of frequency as a function of‘ time
(Newland, 1993) o
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Figure 7. Discrete wavelet transform.

Plots in Figure 7; (a) is an arbitrary test
function, sampled on a vector length 1024,
(b) is the absolute value of the 1024
wavelet coefficient produced by the
discrete wavelet transform (DWT). The

dotted curve plots the same amplitudes
when sorted by decreasing size. The
(DWT), like the FFT, is a fast, linear
operation that operates in a data vector
whose length is an integer power of two,
transforming it into a numerically different
vector of the same length. Also like the
FFT, the wavelet transform is invertible
and in fact orthogonal. Both FIT and
DWT, therefore, can be viewed as a
rotation in function space; form the input
space (or timé) domain to a different
domain. For the FFT, this new domain has
a basis functions that are the familiar sines
and cosines. In the DWT, the basis
functions are called wavelets. Unlike sines
and cosines, individual wavelet functions
are quite localized in space; simulta-
neously, like sines and cosines, individual
wavelets are localized in frequency or
more precisely characteristic scale. Unlike
sines and cosines, which define a unique
Fourier transform, there is not one single
unique set of wavelets; ‘in fact there are
many posmble sets Roughly, the dlfferent
between How' compactly they are localized
in space and how smooth'they are. DWT,
using harmotiic wavelets provides a good
method for analyzing’ complex transient
vibration data genérated by earthquake
expenments Outputs from DWT analysxs
is a contour plot Flgure 8, with a
corresponding ' mesh  diagram, F1gure 9,
which shows the dominant effect of
frequency The emphasis of this method is
that it is snze-dependent multi-resolution
and allows researchers to mvest resources
on part of the sngnal ‘that “has the most
mformatlon
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problem that prevents solenoid valves from
functioning properly at high acceleration.
A series of calculations and tests
concerning the design stiffness of the
equivalent shear box were also performed
that led to the reconstruction of the box
using windshield sealant. The electric
motor that is currently being used on the
Army centrifuge is being replaced by an
hydraulic motor, again, to overcome the
self-weight problem that plagues electrical
motors at high accelerations. Continuing
research efforts in the area of earthquake
ot bo g emmmmmn——" centrifuge modeling are shered w1t,h_ ot.her

lime/secends : U.S. Army Corps of Engineers Districts
and academia.
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Figure 8. : Time-frequency map of
changing frequency.
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Ex""éive research actlvmes to study

seismic response have been successfully

conductéed ‘on the Army centnfuge since

the facility’s inauguration in 1996

Verifications of systems were conducted in S o
the early phase of operation and were LT e
modified  accordingly. One such =
modification is an innovative design, patent ~ ° "

is pending, to overcome self-weight o
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A STUDY ON BUILDING FOUNDATION WITH DEEP SOIL CEMENT MIXING METHOD
FOR THERMAL POWER PLANT
- DESIGN PROCEDURE AND ITS VERIFICATON BY EFFECTIVE STRESS ANALYSIS -

Y. sthino', M. Narikawa?, A, Masuda®, N. Nakamura®, T. Shiomi® and K. Suzuki?

Abstract

Dcsngn procedure of “1mproved soil ground (ISG)” using the Deep soil Mixing for large
Building (DMB) method is proposed in order to solve the recent requirement of the construction
cost reduction for thermal power plants. It makes possible to use the direct foundation avoiding
the pile foundation with liquefaction countermeasure such as the sand compaction piles. This
method was-introduced several years ago for small buildings but was not applied to large
buildings since there were not enough'data of experiments and real projects. Since then related
data have been accumulated. Therefore the design studies have started recently. A trail
construction was conducted. This report presents numerical studies of the design procedure using
the data and the dynamic effective stress analysis, which can ‘take into account ground
liquefaction phenomena ‘The numerical study was supported by the centrifugal experiment and
reported in the separate paper.
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Introduction

Thermal power plants are mostly constructéd near the Seaside in Japan. The soil ground theére
consists of sandy layers. Liquefaction potential of these area is usually high. On the other hand
demands of cost effective constructior for the plant is also high. The foudation accounts for large
proportion of the construction cost. In order to solve this requirement for the cost reduction, the
Deep Soil Mixing method for large Building (DMB) method was developed. The DMB method
is the method to harden all the soil ground under ‘a building by the Deep Soil Mixing method
(DSM method). It makes possible to use the direct foundation avoiding the pile foundation with
liquefaction countermeasure such as the sand ¢ompaction pile. ‘

The DSM method is the method of mixing soil ground with cement using a vértical lod
which has few propelas at the tip as shown in Figure 1. At the very beginning of the DSM
development, it was used to harden the sludge at sea bed but not used for structural purpose.-It is
a recent development to use the DSM- for the structures such as foundation of buildings and
bridges. There are 2,795 case histories of structural use till 1997 (CDM Research Group, 1997).

LPosltionlng l}@[ -Driving }@ Bottom . @l Pulling ou Relocation ]
o, treatment .
N YIL) . WA

‘ .

. e C
. Y .
Y. It . .

Figure 1. Soil'improvement method of deep soil mixing

Design procedure for the large structures such as a thermal power plant has not been
established yet. Therefore the structural safety of the DMB method studied. A trail construction
has been conducted to verify the quality of the ISG. The material properties were obtained from
the ISG. In order to verify the safety of DMB method subjected to earthquake, we used two
approaches. One is the finite element method based on effective stress analysis, which can take
into account liquefaction during earthquake. The other is a simple calculation, This simple
calculation method was chosen as a design method of the DMB method after the method is
proven to give equivalent results to the finite element analysis.

Outline of Numrical Study

Numerical studies have been made to determine the seismic intensity acted on.the ISG and:to
study structural safety of the ISG made by the DMB method. Parameter survey. has been done in
respects of thickness of the ISG, stiffness of the ISG, building types and:input motions, Two real
sites of shallow and deep ground were chosen for the soil layer. Heavy old power plant and light
thermal power plant building were chosen for the building types, =~ - .- .
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Table 1 shows cases for the study of the seismic intensity. In this study, influence of
carthquake was mainly surveyed, Table 2 shows cases to evaluate the structural safety of the ISG.

Table 1 Cases for seismic intensity

(tj)%gt:;ntg Impsrgcgg s'siﬁgrrzﬁmd mode! ?‘}gll((?yggg Arcfteitzi?ural El Centro TAFT
_ layers (kPa) area) Center 1994 | 1940 NS | 1952 EW
shallow 588,000 ;; g 8 0 0 0
layer 882,000 LD 8 0o
‘,’:y"g 588,000 1B 9 0

Table 2 Cases for safety evaluation of the improved sonl ground

dopthof | depthof | width of tt? tlflfness of Equivalent | Effective
improved |  base |improved | "° mpioved building model linear stress
’ A 3 soil ground : o
ground | foundation | ground (kgp a) analysis analysis
5.9m 77m 588,000 SYMS9W77-G6 0 0
-12.5m ’ 882,000 Heavier SYM59W77-G9 0
Short dir. 4.8m 72m 588,000 SYM48W72-G6 0 0]
, -30.0m 4.8m 72m 588,000 : DYM48W72-G6 (0] 0
-12.5m. 5.9m 77m 588,000 Lighter | SCM59W77-G6 0
Long dir. | -12.5m 5.9m 356m 588,000 Ughter | SCM59W356-G6 0

Table 3 Propertles of the shallow ground layer model

Lé'yers ’ Thxckness (m) “Wet densny Cohesion (kPa) | ) (degrée)
Sand 1.4 1.90 0 35
Silty sand 1.1 1,90 ' 0 35

Bearing layer _ 1.98 0 40 -

Numerical Methods Used

The dynamic éffective stress FE analysis code MuDIAN was used in this numerical study to take
into account the liquefaction phenomena. That analysis code is based on Biot’s theory for two-
phase material (Biot 1956) and uses the densification model for the constitutive law (Shiomi et al,
1993)

Numerical Modeling an‘d Properties
The conflguratlon of the ‘foundation and’ the thermal power plant is shown in Flgure 2. The size

of the ISGi$ about 350m long, 60m wide and 12m height, Average overburden of the buxldmg
mcludmg thc basemat is about 200 kPa
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Figure 2. Outline of a thermal power plant

Numerical models

Finite element mesh of shallow soil layef model is shown in Figurc 3. Properties of the lighter
building are summarized in Table 4 and Table 5. The building is modeled by shear beam
elements, which shear modulus was 7.94 kPa. The bu1ld1ng basemat was assumed rigid.

‘e

5.9m 34.45m
3
o
)

improved ground

7.3m 12.5m "~

40.0m 77.0m

Figure 3 Configuration of numerical model and mesh (shallow layer mddel)

Table 4 Equivalent beam model of a building

Element No. 1 2 3 4 5 6
Height(m) 29.1~34.4( 24.0~29.1| 18.5-24.0( 13.0~18.5| 7.0~13.0 0.0-7.0
Long dir. 92.4 57.5 165.2 74.1 108.5 153.3
Short dir. 3.53 8.51 9.5 11.2] 174 | 25.8
| (sectional area, unit:x10*m?/m)
Table 5 Property of mass
Elem. No. 1 2 3 . 4 5 6 7 8
Height(m) 345]| 291[ . 24.0 18.5 13.0 | 7.0 0.0 -5.9
Long dir. 42.6| 187.4 88.0| 46.6| 241.5| 222.6| 1914. 2681,
Shortdir. . 7.82 34.4 16.1 85| 443]| 40.8| 3635/ 5289
- ' . (uﬁit:Mg/m)

Propertles of soil layers
Soil properties were obtained from the real sites where the thermal power plants were located

Initial shear modulus Go was determined from the shear wave velocity test. Reduction curve of
shear modulus G vs. strain was obtained from the element tests of the soil samples. Figure 4
shows the G/Go curve at the depth G.L. — 4.06m for the shallow ground layer model. The shapes
of the reduction curves for the other depth were almost same. The strain dependency of damping
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factor was also obtained from the same test. Poisson ratio was assumed as 0.3. The soil
properties are summarized in Table 6

& 10 g - a Experiment 20 .
a . — Mode! ~ ]
- 08 | e g —
g S5} -
0.6 |- o
8 _ 8 10
'8 04 | g’
€ 02| ~— 25 " Exporiment
§ .1 8 , ——Model
L A
B 0.0 e cuanug oo g 0 o T W TR
0.0001  0.001 0.01 0.1 1 10 0.0001 0.001 0.01 0.1 1 10
Shear strain y (%) Shear strain y (%)
Figure 4 G/Go and h curve G.L. -4.06m
Table 6 Soil properties
o Share o - ;
. depth | 2 | density| wave | "OISSON'S|Friction L Permeability] Ri20 | SO ,
Soil type (m) g Ma/m® [ velocit ratio | Angle (kPa) (cnsec) /2 particle |Porosity]
Z (‘ g/m’) (;7520\)( (degres) | lo9/200) density
-1.401 11 18.60 150 0.33 38.6 0.01 2.729| 0.4806
fine sand| SFs| -2.70[ 11| 18.60 150 0.33 386  0.01 4.50E-3| 0.3263| 2.729| 0.4806
-4.40{ 7| 18.60 150 0.33 38.6 0.01 4.50E-3| 0.2537| 2.729} 0.4806
-5.30| 3| 18.60 150 0.33 38.6 0.01 4.50E-31 0.1705| 2.716] 0.4767
siity sand| SFs| -6.80] 3| 19.47 160 0.33 38.6 0.01 4.50E-3| 0.1652| 2.716] 0.4248
fine sand| Asi| -8.80( 3| 19.47 160 0.33 45.2 7.64 8.79E-3| 0.3857! 2.716; 0.4248
fine sand| As2]-11.90| 27| 17.50 360 0.33 38.4 9.60 5.73E-3] 0.1922] 2.692| 0.5355
silty clay | Dei{-13.05 _19.35 360 0.33 15.6] 428.26 1.00E-6} 0.2524| .2.713| 0.4314
fine sand| Ds1]-14.60 19.35 360 0.33 41.8 27.05 1.23E-2 2.7131 0.4314
-19.80 17.61 430 0.33 37.2 '39.59 '5.28E-4 ] 2.679] 0.5253

Properties of improved soil ground

Material properties of the ISG were: obtained from samples of a trial construction. The average
shear modulus at 60 days after construction was about 1,058MPa. Considering that the value of
588MPa often was used for design, two cases of 588MPa and 882MPa were-studied. Pojsson
ratio 0.33 and damping coefficient 0.035 were used. Strength of the ISG determined based on the
uni-axial strength. The average strength of the uni-axial tests was 2.94MPa. The design strength
F,. is third of fifth. Material strengths for design are shown in Table 7.

Table 7 Ma’terial strength of the deep mfxing soil

G .. Compression (kPa) - ,, . Shear (kPa)
Permanent load 1/3 F,, (588) |.0.756x 1/5x1/3 F,, (88.2)
Seismic level 1 2/3 F,, (1176) 0.75 x 2/5 % 1/3 F,, (176.4)
Seismic level 2 | Fy (1764) 0.75 x 1/5 F,, (264.6)
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Input motions

Input motions used in this study were El Centro1940, Taft 1952 Rinkai 1992 and JAC 1994
Rinkai 1992 is an artificial earthquake defined as an input motion at Edogawa Layer (Vs = 300 —
500 m/sec) in Tokyo Bay area. JAC 1994 is also an artificial earthquake for the seismic design
defined by Japan Architectural Center in 1994, Figure 6 shows the time history and’ the response
spectrum of the Rinkai 1992,

" Max.: 310.84 (17.7256¢) 1500

..................

5 10 5 20 & 230 35 40
Time {sec) ’
(2) Time history

RO H N WO :

0 e e i
001 0.02

005 OIO 020 050 10 20 |

(b) Acceleration spectra

.. Figure SliRi:hkaif:159L92 ar'ﬁ_ﬁcial earthquake

Ei*aluation of ISG Safty =

Numencal results are crmcally examined for the safty of thc 1SGiin I‘CSpeCt of thc 1tems shown in
Table 8. The load to be used for the desrgn procedure was ‘determined. -

Table 8 Items for safety check of impfr"f\"r’éa‘?sef-l“grﬁiiﬂd' Lo

De3|gn level of the lmprOVed sorl ground

Design -

-For- permaneht Ioad

Condition’ fSelsmlc IeVeI 2 for burldlng
e level :
'De'sign* Load of burldlng B . Load from burldrng
“load - | Self-weight of the ISG,‘ - - | Seismic intensity .
T ET =j8elfwerghtofthe ISG e
1 Earth pressure (skeleton + Water)
Check | External Reactidn stress of bearing layer | Reaction stress of bearing layer
items safety v i e slipotIsG) OVerturnlng of ISG
Internal Max pressure Max. pressure
‘Reaction force to bundmg | Reaction force to bulldlng

safety
R Vertrcal shear stress

L0

Horlzontal shear str‘ess

o Vettical shear stress’

External force

ISG Improvedlﬁs»erl Ground

Maximum external forces acted on the ISG were examined. There were three external forces to
be considered. They are inertia force due to self-weight and seismic intensity, earth pressure due
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to static and seismic force, and force from building. At first, the seismic intensity for Tokyo Bay
area was studied, Load from building was determined from the earthquake response analy31s for
building in which the base boundary was fixed.

Seismic intensity

Seismic intensity was determined from the maximum response acceleration of the ISG subjected
to the Rinkai 1992 earthquake. The’ carthquake was defined ‘as the level two earthquake around
Tokyo Bay area. The results are shown'in Figure 6. Figure 6 (a) shows the maximum response
acceleration profile in the different location of the ISG. The maximum acceleration ranged from
248gal to 299gal. Figure 6(b) shows the maximum response acceleration normalized by the
acceleration at the input motion applied. The maximum amplification factor was 1.12. Seismic
intensity for the ISG was determined as 0.3 to cover these results.

0 —i . 1 DLayer Model 0.0
2.0 Layef Modei(iine-1) - ) )
- 4—2D Layer Model(line-2) . r .
* -k + - 2.0 Layer Model(fine-3) 28 b g
— 5 || '—D-—ZoD Structure Model(line-1) | . .. .| A . . )
E — -0« 2.D Structure Modei(line-2) ’
5 « & « +2.D Structure Model(line-3) = 5.0 .
3 —o- 2 DSlruclure Model({line-4) ok E i
B = T T Y 5 O S S "ﬂ,' ............ " % - .
improved ground & 75 i EE .
15 T N . A B B G SR +nlnkaI92
a -10.0 | | —o—Arch.Centergd
S ~ . —~&—E| Cenlro -
JoZ 38 ) —Oo—Talt
20 i . I R o W, W e . .12'5 PN EETIAN { FEPHRP | L aa ]
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Flgure 6 Maxlmum response acceleratlon

Earth pressure due to liquefaction

External force acts on the side boundary of the ISG was evaluatéd for the case that ‘the
surrounding soil layer was liquefied. Figure 7(a) shows the maximum pressure profile. The left-
hand side figure shows the excess pressure profile and the dynamic component of the total earth
pressure’ (eXcess pressure + dynamic horizontal componént of the effective stress) that acted on
the left and rlght hand 51des respectlvely The max1mum pfoflle of the total earth pressure acted
One actéd‘on the rlght hand side at éach time stép and taking the ‘maximum’ ‘of thern. The profile
is shown in- Figiite 7/(b). It is interesting that the maxinim earth pressure profile of each'side
Was aliiost same’ a$ ‘the maxintum force - ‘profile acted” on 'the ' ISG. This' maximum' forde’ was
slightly higher than the earth pressure that was obtained the empirical Westergaard s formula for
dynamic water pressure The maximum pressure profile did not occur at the same time, so that
the earth pressure in hquefactlon case of the side soxl layers for the statxc de31gn analys:s can be
detennmed by the Westergaard s formula B g

!
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Figure 7 Pressure at the side boundary of the improved soil ground

Safety for permanent load
Safety of the ISG'fo‘rE'permanent load obtained by the static analyses was not critical. The results

are summarized as follows.

External safety. External safety was examined for 1) the bearing capacity of the soil layers,
which supports the ISG and 2) settlement of the ISG. The first item has been checked with an
average load per unit area accumulating the self-weight of buildings, foundations and the ISG.

The settlement was very small and can be negligible.

Internal Safety. Internal safety was checked for 1) the maximum effective compressive stress in
the ISG, 2) subgrade reaction to the burldmg and--- 3) shear stress. The results of the FE analyses
were about one third of the compression strength for 1) and 2) The shear stress is much less than

the shear strength. The result data are summarized in Table 9.

Safety for Seismic Load

External Safety
The external safety of the ISG was exammed for 1) poss1b111ty of Sllp fallure at the boundary

between the ISG. and. the support:soil layer, 2) subgrade reaction .at the bearmg layer and 3)
overturning of the ISG The. safety. factor for the slip failure was as large as 1.5 shown in Table 9.
The safety factors for the: subgrade reaction were about three times larger than the ‘compression
strength in the case of the. .shallow layer modell The possrbrllty of the, overturn ‘was very little
because .of . the bu1ld1ng aspect ratio so this check item .can be neglected from the desxgn

procedure.

Internal safety . R
In order to check safety of the ISG rtself the maximum stresses at the loeal pomt were checked

At first, normal stress was checked. The maximum normal stress naturally occurs at the bottom
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edge of the building or of the ISG as shown in Figure 8. The profile of the normal stress along
the horizontal line was almost straight including the effect of the building rotation although it
was very little. This may be a typical behavior of the thermal power plant. Thus normal stress
can be calculated from the gravity force of building and self-weigh and rotational force from the
building assuming the constant distribution of the force. This mechanism can be used for the
design. The value obtained by the design procedure was reported later.

@ -300 -
2 250 oo K iy e e e ROt SAREIRTS
_@ © 200 PN T T O O e O O O OO ORI &
£ q "3 s A ¢ 3¢
£ 8 100 | 7N s R -+ ["S8Burface of improved soll ground |~
E B0 f- oo ... .. | —e—Surfaceof supportlayer  |. ... e
3 0 : : , : —O— Bottom of improved soil ground :
E 1 ] . - I IR ' | S .v-. I 1 3 n n 1 | Y i " i 1 e d,
-40 -30 -20 -10 0 10 20 30 40

Horizontal distance fro'm center (m)
Figure 8 Stress distribution of vertical component

Figure 9 shows the maximum of the maximum-shear-stress at time. The largest contour line
was nearly horizontal. So footing type of failure mechanism was not triggered by seismic force.
Failure line may be horizontal near the bottom or vertical near the side edge of the ISG. The both
were examined. Figure 10 shows the distribution along the ‘horizontal line. As the slip line
analysis, the accumulated shear stress per a unit length along the line was compared with the
shear strength. In the vertical direction, the values were comparable and less than the failure
strength as shown in Figure 11. In the horizontal direction, the result of the calculation was much
higher than the material strength. Therefore it is concluded at this point, only vertical line can be
checked in the design procedure.

O

~ Figure 9 Maximum value of the maximum shear stress
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Figure 11 Shear stress diystrib‘ut'ion along the vertical line
Design Procedure

The proposed design procedure is based on a kind of slip line analysis. Its external forces are
determined from seismic intensity as shown in Figure 12. The procedure was originated in the
design procedure for an improved soil foundation of a caisson (CDM Research Group, 1993).
Since dynamic characteristics are different for the ISG beneath a building from the caisson type
problem, modifications were made on the original procedure. The proposed procedure checks the
safety of the ISG in two aspects, i.e. external safety and internal safety In the external safety
check, the safety for s11p fallurc is examiried at the bottom boundary (F, in Figure 12) and for the
subgrade reaction capacity of the support layer, In the internal safety check, “compresswe failure
of the 1mproved soil” and “vertical and honzontal Sllp line failure” are examined.

Fs  :Safety factor of slip
PAHs :Active earth pressure for skeleton & water
PPHS ' iPassive eanh‘preséure ‘for SReleton & water
B Latiis . N T FRS  :Share resistance force

- MH B which acts bottom In improved soil ground

o Hks  :Horizontal seismic force

. : . - - which acts on improved soil ground
PpHs + FRrs - Cos :Shear force of bottom of foundation

- Hks + Cos + PaHs

surroundlng
soil Iayer :

Figure 12. External force used in the design procedureA
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Verification of design procedure

To cxamine of the design procedure, the all results obtained by the design procedure were
compared with that of the results of FE analyses. As shown in Table 9(only results of seismic
load are shown), the ratios (FE analyses. over design procedure) are very close to one, except the
vertical shear stress. For the vertical shear stress, the design procedure may give too conservative
results for some cases. Further rescarch is necessary to improve the accuracy of the design
procedure but the proposed design procedure can be accepted in respect of structural safety.

Table 9 Comparison of design procedure and FEM

Check itoms Ground kind | BYHING | g6 | Analysis | Design |ANaly:

type - [Deslgn

Subgrade Lighter Long 221 224 0.98

P reaction Shallow layer Short 239 269 0.89

2 for ISG|__ Heavier | Short 293 326 0.90

,g (kPa)| Deep laysr | Heavier | Short 513 688 0.75
£ |Slip Lighter Long 1.69 1.67 -
L%’ [safety factor])] Shallow layer Short 1.91 1.43 _
Heavier Short - 2.01 1.44 -
Deep layer Heavier Short 1.99 2,10 -

2 Maximum Lighter Long 221 224 0.99

& contact Shallow layer Short .239 269 0.89

§ pressure Heavier Short 290 326 0.89

o (kPa)| Deep layer Heavier Shonrt 646 688 0.94
g Subgrade Liahter Long 247 - -
8] >| reaction | Shallow layer g Short 310 - -
R R Heavier | Short 330 - -
2o (kPa)] Deeplayer | Heavier | Short 310 - -
< | & [Horizontal Liohter |—tong | - 81 _ N
& shera force| Shallow layer 9 Short 78 - -
= Heavier | Short 92 _ N
(kPa)| Deep layer | Heavier Short 186 - _

Viertical Lighter Long 147 176 0.83

shera force| Shallow layer Short 105 205 0.51

Heavier Short 116 241 0.48

(kPa)| Deep layer Heavier Short 142 253 0.56

Conclusion

The safety of the ISG by the deep soil mixing method for very large structures was examined by
the static and the earthquake response analyses. The analyses concluded that the following
stresses should be checked and are sufficient for the safety evaluation of the ISG. Following
these results a design procedure based on seismic intensity method was proposed. The results of
the analyses also reflected to determine the seismic intensity and other external forces such as the
earth pressure to the side boundary of the ISG. The followings are the critical point for the safety
and should be checked by the design procedure, 1) subgrade reaction of the ISG to bearing layer,
2) slip failure at the bottom boundary for external safety, 3) maximum contact pressure at the
bottom of ISG, 4) the subgrade reaction and 5) average shear stress along vertical line for
internal safety. It is also found that the soil ground improved by the deep soil mixing method can
safely be constructed for the case the bearing layer is comparatively shallow layer.
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A STUDY ON BUILDING FOUNDATION WITH DEEP SOIL CEMENT MIXING
METHOD FOR THERMAL POWER PLANT
- VERIFICATION OF THE DESIGN PROCEDURE BY CENTRIFUGAL EXPERIMENTS-

R. Babasaki', T. Shimizu®, T. Shiomi"
M. Narikawa®, A. Masuda®, N. Nakaniura®, Y. Kishino®

Abstract

The objective of this research is to experimentally verlfy the desngn ‘procedure of improved
soil ground by deep soil-cement mixing ground. The improved soil ground makes: possible to
use the direct foundation of a thermal power plant, The experiment was done by model tests
under centrifuge acceleration field of 100G with the scale ‘model 1/100"™ of actual size.
Experimental research was conductéd to determine the eéxterrial forces' during earthquake
which act on the improved soil ground. Expenmental model consisted of a turbine bu1ldmg,
base mat, improved soil ground, liquéfiable sand layer and bearing layer. This 'model was for
the shorter section of the structure. The first natural frequency of the model was 1.8 Hz. Input
motion was sinusoidal wave and the maximum acceleration was 200 gal at prototype scale.

Acceleration of each part, pore water prcssure of surroundlng sand layer, earth pressure acting

the improved soil, displacement of the improved soil and smface of the sand layer were
measured. Test result showed that sand layers were 11quef1ed and their maximum acceleration
records were less than the bearing layer. There was permanent deformation at surrounding
area of the improved soil. Lateral earth pressures at rest were changed. Both phenomena were
largely due to liquefaction phenomena. The measured external forces act on the sides and
bottom agreed well with the force which was calculated by the design procedure assummg
that the seismic intensity for design is equivalent to the measured from the maximum
acceleration of the top of the improved soil ground. Under the condition that the surrounding
soil of the improved soil was liquefied, the measured distribution of the earth pressure acting
to the improved soil ground showed good agreement with the one calculated by the design

procedure,
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Introduction

Cost effective constniction method and structure systems are earnest demand for thermal
power plants as mentioned so that a new method of construction for foundation was proposed.
Its design procedure is examined by the numerical method but it is also necessary to verify its
applicability with experimental studies. The thermal power plant is as large as 60m times
350m so that a scale down modeling is inevitable. To obtain better similarity rule for
geotechnical problem, a centrifugal test is most recommended method for soil layer since
confining pressure can be reproduced in the range of real site. A centrifuge apparatus with 6.5
m arm which can produce centrifugal force 500ton*G is used. The models simulating soil
ground and turbine building of a thermal power plant are sct on the shaking table in the
centrifuge apparatus. A transient tests were conducted with the shaking table. In this paper,
the outline of the centrifuge apparalus, modeling, test conditions and results are reported.

Outline of Instrument
Centrifuge apparatus
At First, outline of centrifuge apparatus is briefly reported. Size and overview of the apparatus
is shown in Figure 1 and Photo 1 respectively. It-is a beam type centrifuge apparatus. A
platform is installed at the tip of two beams and a counter weight is set at the other side of the
beams. Test specimen is set on a platform. (Suzuki et al; 1994) :

7,000

1Plalfonn

1Varisble speed AC molon
3G ear seducer

{Rotary jolnt

$Etkcuical slip sings
(Couvnierweights
LLubricating ualt

ISpting suspended suppon
$Steed pad
WPrestreased bars
HAerodynamic shrouds
NCCD camena

(Dimension : mm)

(2) Side View (b) Plan View

Figure 1. Centrifuge apparatus.

2% .
Y4 5, . . . . -
4‘:#;:5)‘ % - : lzﬂ\(-.-

Photo 1. Overview of Takenaka Ceritrifuge Apparatus,
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Shear box
Configuration of the laminated shear box used here is shown in Figure 2. The size is 1002mm

long, 302mm width and 345mm height. Inside of the share box is covered by thin rubber
membrane (t=1mm). Thickness of the shear ring is 15mm and laminated with a gap of 1mm.
Flat cage bearings are installed between the share rings. Six braces are set to prevent

perpendicular movement, This shear box is set on the shaking table.

‘ . - yenics! brace
_ o (P 73 1
ﬁ ) raln
rubber membrane Hiky —mﬂq L O?I o Cfs’Io o4t © © 0] @g]—[# d] 0
O et 1 | E ) L
o AR J
“rotler béssring

(a) Side View (b) Plan View

Figure 2. Configuration of shear box.

Experimental Modeling
Modeling - ,
Two models were tested; i.e. a flat soil layer model and a soil structure model which includes
the improved soil ground as shown in Figure 3. The first model was tested to survey the
characteristics of the soil layers. The second model was for verification of the design
procedure of the DMB (Deep cement and soil Mixing method for Building foundation)

method of construction. (Masuda et al, 1997)

0.0

1000

(unit : cm)

(1) Side View ®) Plan View

Fiéure 3. ‘Soil- layer model. |

torbia bulidieg

30.0

“wo |
100.0 ’

(ur;ik : am)

() Plan View

(8) $ldé View

Figure 4. Soil structure model with i:niprbygd_ soil ground.
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The simple soil layer model consisted of two kinds of soil materials. The upper layer was
made of Toyoura Sand (relative density is 70%) in which density liquefaction was expected.
The lower layer was made of diluvium silt layer. Heights of the both layers were 15 cm. The
soil structure model consisted of a turbine building, concrete mat and improved soil
surrounded by liquefiable soil layer and bearing layer. The model size was 200cm long and
47cm high that is one of hundredth of the prototype model, The support soil layer was 15cm
which model a diluvium silt layer. The liquefiable sand layer was 13cm on the support soil
layer. The improved soil part was embedded 1.5 cm into the support soil layer. The shorter
section of the turbine building was modeled. The gravity center and mass weight are made
considering similarity rule. The first natural frequency of the model was 1.8 Hz which
frequency is for an actual turbine building. Natural frequency of the turbine model is 1.0 Hz.

Materials

Soil layer was made of Toyoura Sand (relative density is 70%). Improved soil ground was
made of mortar (its unconfined strength was 4.0 MPa). Two cases were examined the support
soil layer. One was diluvium sand layer, the other was diluvium silt layer. Diluvium sand layer
was consist of Toyoura Sand, cement, bentonite and water with mixing (its weight ratio was
1:0.06:0.06:0.38, its cohesion was 0.17 MPa, its internal friction angle was 34.4 degree).
Deluvium silt layer was consist of Nogoya Silt, cement and water with mixing (its weight
ratio was 1:0.04:0.15, its unconfined strength was 0.5 MPa). Physical properties of Toyoura
Sand and Seabed Silt are shown in Table 1 and Figure 5. Silicon oil is used for pore fluid
instead of water. Its viscosity is 97.3 cs at 25 degree (Centigrade) and density is 0.966.

Table 1. Physical properties of Toyoura Sand

and Seabed Silt. 100 17
Sample Name Seabed Silt Toyoura . )
R Sand 80 ;e bEl
. . - - - o 4
Soil Particle Dc’nsily(g,/cmz) 2.666 2,638 = 60" i
Gravel (%) 00 00. = 1 Y
Sand (%) | 199 98.4 g / : :
%) & 40 ab ol
Grain Silt (%) 56.8 1.6 5o d. J
, P s 20 i — -5
Distribution Cray (%) 233 0 8 /
S ad
| Uniformity Coeficieat . 1.62 =
_ Mean GrainSize '] 00236 | 0178 100E-03  100E:02  LOOE-01  1.00E+00
Max Density (g/cm?) - 1659 L
' 2 13 Grain size (mm)
Min Densily (g/em™) SRR 1341

Figure 5. Grain size distribution of
Toyoura Sandand Seabed Silt.

Input motion L o o _ 3 , :
Input ‘motion was sinusoidal wave of 20 c¢yéles and 'the maximum'acceleration was detetmiried
by pre-run test targeting all sand layer liquefied. Théy Were about 200 gal af* protStype scale.
The frequencies applied were in the range between 1.6 Hz and 1.8 Hz that were first natural
frequencies of the soil layer. The acceleration ‘recorded at surface of the shaking table is
considered as an actual input motion and reported as test results. ‘
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Measurement

ST W ans e

‘Locatlon :
Accelerations and pore: water -pressures at each depth displacement of the soxl surface and

structure .were' measured for both models. Locations of the measurement are indicated in

Figure 6 and Figure 7. Earth pressures acting to the improved soil ground and foundation were 4
measured for the soil structure model.
Allae ™ \
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-Figure 6. Location of measurement for soil layer model. ke
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'Figure 7. Location of measurement for soil structure model,
Sampling interval was 0.3 msec. Data gathermg from the models fo the, computers out31de of
the eentrxfuge apparatus was. done through sllp ring, . : : , .

.Results,, S

Layer Model ~
To know the dynamic behawor at the llnear range, a'small excttatlon was apphed o the soil
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layer model. Figure 8 shows the transfer function of soil surface against the shaking table. A
major resonance frequency dominates the dynamic characteristics.

10

8 ’J”
A
LN A

Py MU T

0 1 2 3 4 5
FREQUENCY ( Hz)
Figure 8. Transfer functions of the soil layer model.

AMPLITUDE

Figure 9 shows the time history of the input motion to the soil layer model. The amplitude of
the first 3 cycles were reduced to avoid an 1mpact like force. The wave shape near peak
amplitudes were sharpened due to nonlinear behavior 'of the soil' layer and that the ‘actuator
power could not control it although the input motion' intended to”'m'p‘ut Was 4 sinu$oidal wave.
The frequency was chosen near the first resonanceé fre(quency ‘This'i$ a: part of the reasoiithe
input motion was influence at the peak amplltude by the: dynamic behavior of the 3011 layer

300(3H E T MAX -189.95 gal TIME 723 sec

150

L -
o E

-300
0

acceleration (gal)

5 10 15 20
tlme history (sec)

Figure 9. Time hlstory of input motlon (max. 189.95 gal).

Figure 10 shows the response acceleratlon of the’ surface of the soil layer model (record of
CH61). It become nearly zero after 1.5 cycle sincé no acceleration force is transferred after
liquefaction took place under the layer of measuréd point. The liquefaction took place from
the surface to the bottom. The acceleration becomes zero after 1.5 cycle at the surface and
then 2.5 cycle at CH63, 3.5 cycle at CH65, and 4 cyclc at CH67 This indicates that the speed
of pore water pressure built up is similar but initial vertical stresses are larger at deeper layers
so it took longer time to reach the stresses at the deeper place. Time history of the pore water
pressure shows that tendency (Figure 11), Flgure 12 shows that bearing layer was not
liquefied.

CH-61 . MAX 191 89 gal TIME -3.35 sec
300

150 |

0
S
-300

e e e e (e

acceleration (gal)

0 ORI B S ‘ 10 ALE S “f_]é"" SR 20 :
Figure 10, Time history of acceleration at Channel 61.
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Figure 11. Time history of pore water pressure at Channel 3,5,7,9

10 5 20

time history (sec)

2>

MAX -226.66 gal TIME 5.23 sec

MAMMA
VIV

CH-T1
= 300
% 150 |
2 0
5 aso |
g 300,

Flgure 12. Time history of acceleratlon at Channel 71.

anure 13 shows the proflle of the maximum response acceleration at depth “Thete is no
significant amplification in the layer although the excitation frequency is near the resonance
frequency. The reason. of thls may be that the stiffness of the soil layers was reduced due to
strain hardening and liquefaction. Typically:the accelerations near the surface were decreased
than the deeper layers due to liquefaction. It is interesting to note that the acceleration of the
lower part of sand layer did not show significant decrease of their acceleration although the
layers liquefied. This is because the acceleration of those layers experienced more than one or
two cycle before liquefaction took place and reached the larger amphtude while the material

strength was remained.

Flgure 13. Profile of the max:mum response acceleratmn

Pore water pressure increased monotomcally and showcd fall llquefactlon at 4 second as
shown in Figure 14, Thereafter the pore water pressure kcpt constant, .

0.00 190 200
GL-% 0 y —— {op of sand layér
.Ahnc
OB“M
oLao b
top of supgor fager
‘0L 20 {
;- GLao L= —. base of laminar box

5 ' -10 15 20

time history (sec):

maximum response acceleration
(smplification rallo)

— 116 —




CH-5

e
bt

MAX 0.06 MPa

TIME 10.23 sec

o
(=1

B —

pressure (MPa)

e
-

[ =

€XCess epore water

Figure 15 shows that all sand layer (4
from the surface to bottom. After then t

5 10 15
Figure 14. Time history of pore water pressure at middie of the sand layer

maximum’pore water

préssure (Mpa)
0 01 02 03
0 T T T .
) o before shaking
“b"‘ , e - after shaking
AN e hydrostatic pressure |
B3 S D N _ .
) b ‘o' —"-— overburden pressure
N~ \ B
=] .
& \
e > e
-10 | “
<10 f \
O ‘\ -
N
as L Yo Ve

20

— 15m) has liquefied. It happened at about 4 second
he pore water pressure kept constant.

- Figure 15. Profile of maximum pore water presshre :

Permanentdisplacement: of . the. laminar . box is shown in -Figure16, Large displacement

occurred after 5.second although. the full liquefaction was observed at 4 .seconds. A random
response took place after the. input motion sto

after the input mot pped. During input, motion active, cyclic
displacement at constant amplitude was observed. :
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Figure 16, Time history of the displacement at Channel 31
Surface settlement was about 37 mm for A line and 14.7mm for B line. The settlement started

at about 4 second and continued even after shakin

from the horizontal displacement.
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" Figlhre 17, Tlme history of surface settlement (Channel 83).

Improved soil modél (Sand) I ¥
The results of the shaking table test on the centrifugal apparatus were discussed here. Figure
18 shows the acceleration at the base of the lammar box. A sinusoidal wave acceleration was
applied except a little disturbance at the first 5 cycles. -
CH-51 L. MAX17241 gal . TIME 3.50 sec
200 —- :
100
0
-100 |
-200

acceleration (gal)

0 5 0 15 20
time hlstory (se@) '
Figure 18. Time hlstory of at base of lammar box

Response acceleration at the surface of the surroundmg area is shown in Figure 19. The
amplitude showed irregular behavior at the first to 4t cycle Thereafter constant sinusoidal
wave was seen but with the phase delay. (180 degree). It indicated the drastic change of the
soil stiffness due to liquefaction at the very early stage of the excitation. Figure 20 shows the
acceleration at boundary betweén sand:and: bearmg layér (very' dense ‘'sand). The amplitude
increased at beginning and reached the peak at 5.31 sec. Then it decreased little till about 7
second. After then constaiit’ cycllc béhavior: contmued ‘There was'a little phasc dclay in thcse
duratlon Thls also- indicates: somé decfcase of mitérial’ stnffness of the dense layer '
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Flgure 19. Time hlstory of response acceleratlon at soil surface
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Figure 20, Time history of response acceleration it support scil layer

Figure 21 shows that pore water pressiire reached the full liquefaction at very: early stage but
oscillated  during the excitation. The- reason. of this may be due- to an- mteractlon with ‘the
improved soil ground. , P
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Figure 21, Time history of pore water pressure at surroundmg soil layer. -

Figure 22 shows that all sand layer (0 — 15m) has'liquefied. It happened at about 4 second
from the surface to bottom. After then the pore water prcssure kept constarit, :
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Figure 22. Proﬁle of maxnmum pore water pressure

Figure 23 ‘shiow tune hlstory of the dlsplacement at- the top ‘of the laminar box. Large
displacement was’ devcloped durmg thc first 7 cycles. After thcn a httle deformahon was

observed,
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-Figure 23, Time history of displacément at top layer -

Figure 24 shows the maximim accelerations ‘along the two' lines. One.is at the center of
building (a) and the other is center of surrounding area (b). They are small near the surface of
the surrounding area indicating that liquefaction took place there. The structure parts also
show small values. This miay be due to the mode at the excited frequency.
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Figure24; Prof' le of maximum acceleration

Earth pressure distribution at the'side and bottom of the 1mprovcd soil ground is shown in
Figure 25. The values show good agreement with the ‘statically calculated value usmg
maximum accelerations by the method described in the “Spemﬁcatxon for Highway Bridges

part V —Seismic Design-.” (Masuda et al, 1997)
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Figure 25. Pressure distribution, at time 4.39 and 5.23 sec.
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Random excitation and sinusoidal acceleration

The experimental model test has been done at a frequency $o it is necessary to translatc the
behavior to random behavior. A numerical study has been done to simulate this. Figure 26
shows the solution of random and sinusoidal excitation.” The frequency for the sinusoidal
excitation was about 0.8 of the first natural frequency. That is the same proportion taken at the
experimental test. The response of the sinusoidal excitation is about double of the random
excitation, The value obtained by the design procedure was much less than those. This can be

understood by the relationship between the maximum value acceleration and the seismic
intensity.

0.2 t
‘ : = = < Analysis:Tokyo coastal wave 92
i~ 042 : === Analysis:Sinusoidal wave,1.2Hz
§ -0 oS5l —=—Design procedure
= ; ; ' - _ ¥
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. Distance from center of improved soil ground (m)

* Figure 26. Comparison of'f;;ﬁdOm and regular excitation.
- Concluding Remarks - =

Assumptlop of the de31gn procedure of the improved soil ground using the deep soil mixing
*ground with cemént was stiidied by the shakmg table test under the centrifugal force (100G)."
‘,E'The’dlstrrbutron of the earth pressure was ‘examined for the side and bottom boundary of the
',1mproved sorlv_g_r‘ound ‘The pressure drstrrbutron of the experrment proved the dxstrrbutron.

.f;used in, the: desrgn procedure. The seismic. mtensrty for the de51gn model can be statrcally

calculated using the value obtained by the expenment But it is necessary to con81der the
’ x-vrandomness of the earthquake. : SR

References

1993

e s8

. 2 Masuda A f all “A Study on bulldmg foundatloﬂ wrth Deep Cement M1x1ng method for -

L thermal (part 9, De31gn Methodology}” Summarzes of Technwal

s Papers of Annual Meeting Architectural Institute ofJapan 1997,667-668. L
1 i3, Suzukl Ki et al; “Takenaka centrifuge facrlxty” Proceedmgs of the Internatzonal Conference

Centrzﬁlge94 1994 41-46. : BT R :

— 121 —



Research With The U.S. Army Centrifuge
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ABSTRACT: The U.S. Army Engineer Waterways Experiment Station (WES), located in Vicksburg, Mississippi,
has recently installed a uniquely powerful and large centrifuge. Although much of the recent world-wide interest
in centrifuge modeling has concentrated on geotechnical problems, the new WES centrifuge facility will address
research needs in physical modeling across the full range of engineering applications. The purpose of this paper
is to describe the WES centrifuge, to discuss current research being conducted in the centrifuge facility and our
vision for the future. The research described here will focus on field problems involving dynamics particularly
earthquake work and blast loading. However, the WES centrifuge is uniquely broad-based in its research
applications; many types of field problems, involving fluid- flow, heat transfer, and ¢yclic and static loading are
being addressed in a wide range of fields: geotechnical, structural, environmental, hydraulics, coastal engineering,
and engineering for cold regions. Some initiativés in these areas are also descnbed

| INTRODUCTION

The WES has a long hlstory of physncal modelmg Its
pioneering research in the early 1930s in areas of
hydraulics engineering and flood control used scaled

physical models carved-in-the loess soil: Hydraulic:

physical modeling experiments which replicated such
historic locations as the Los Angeles Harbor, the New
York Harbor, Niagara Falls, and the Old River Control
Structure on the Mississippi River have been conducted
throughout its 65 years of service to the Army and the

Nation.

During the past several decades, with the advent of
analog and’ digital computers WES moved into fhe’
numerical modeling arena, Wlth the rapld advanceé in |

computer technology Ieadmg PC’s - and
supercomputers ‘reséarch is now bemg conductéd
using numerical modeling techniques including finite
difference, finite element, discrete element, and
discontinuous  deformation  analysis. Recent
accomplishiments include the development of a three-
dimensional water quality model for the entire
Chesapeake Bay, the use of complex three-dimensional

_' codes to mvestlgate cratenng and air-blast eﬁ“ects from
exploswe events, and the use of two- dlmensmnal

effective stress finite element analysis for” predicting
large deformations occurring in embankment dams as

 the result of earthquake induced llquef‘actlon in the dam

and/or its foundation'material,

The WES centrifuge is'capable of spinning a payload
of up to 8 tonnes and achieving accelerations of up to
350 gravities (g). This centrifuge provides a physical
modeling capability that greatly enhances research
techniques. Case histories and/or physical model
experiments are required to vahdate numerical
computer codes. Physical models have the advantages
of being’ controllable, relatively mexpensnve and
pfowde better known conditions than field cases.

“Researchers “can bétter control the material

o ‘properties and boundary conditions of physical models.

The cost of céntrifuge experiments is far less than full-
scale field experiments which may involve hundreds of
thousands or millions of dollars.
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2 MODELING FIELD PROBLEMS IN A
CENTRIFUGE

Physical modeling of field problems generally involves
the construction and experimentation with scale models
of a prototype or field structure. The response of the
model to a physical perturbation such as cyclic loading,

earthquake, ocean waves, explosion or even freezing or
groundwater changes can be measured and interpreted
in terms of the field problem under consideration.
Realistic model behavior data can provide valuable
information for designers about failure mechanisms and
long term performance.

In many engineering fields, particularly geotechnical
engineering,  gravitational  effects  dominate
performance. Where the behavior of a material is stress
dependent, such as with the engineering properties of
soil, then simple scaling of a field problem and
experimental investigations on the laboratory floor will
give erroneous results, For example, in a slope failure
it is common to observe cracking near the ground
" surface where the confining stresses are low but the
shear stresses are high, rupture along a slip surface at
greater depth and finally flow at depth as the confining
pressure increases still further and the shear stress ratio
reduces to a value below the critical state or
characteristic threshold value, (Figure 1).

If one were to attempt to model the slope failure in
Figure 1-on the laboratory floor at 1/50 scale without
the benefit of a centrifuge, the effective confining
stresses in the soil would be 50 times less than those
same stresses in the field and hence could bring the full
depth of soil in the model into'a region where tensile
fracture (or ¢racking) dominates. :

cr aCk'ng shear stress
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Figurél. Ratio of shear stress to confining pressure
governs soil behavior. -

The use of a centrifuge however, overcomes this
modeling error by increasing the weight of each particle
in the model by an equivalent number of gravitics.
Generally the linear scale of the model and the number
of gravities are chosen to be identical. Therefore, a
1750 scale model of a 20 m high earth slope would be
400 mm high. Under a steady acceleration of 50
gravities (approximately 500 m/s?), it would have
identical self-weight stresses at equivalent points in the
model and in the prototype. The behavior of the
miniature slope will then mimic the behavior of the
prototype. Each soil element in the centrifuge model is
subject to the same stress path as its equivalent element
in the full-scale prototype.

Figure 2. Failure of a slit slope in Vickéburg loess.

-Figilre 2 shows a silt slope failure in remolded
Vicksburg loess, carried out on the WES centrifuge.
Details of the failure can be seen, including the

‘oracking near the top of the slope, and rupture along

the slip surfaces that run nearly parallel to the slope.
The response shown is typical of loess behavior with
no deep-seated flow movement,

Scaling relationships.can be derived from physncal
principles - that interpret : the - centrifuge model

‘experimental investigation data in prototype terms

(Schofield 11980 and 1981, Schofield-and Steedman
1988). These are summarised in Table 1.
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Table 1. Centrifuge scaling relations.

PARAMETER | FIELD CENTRIFUGE
MODEL (Ng)

Stress o o
Strain € €
Length, L L/N
displacement
Area A A/N?
Force F F/N*
Volume \'% VIN®
Mass M M/N®
Energy E E/N°
Frequency f Nf
Velocity \ v
Acceleration a a/N
Time (for inertial t t/N
events)
Time (for t t/N?
diffusion events)

As a technique for solving engineering problems, the
use of the centrifuge was first pioneered in the United
States’ (US) and in the Soviet Union during the 1930s
(some references claim the concept of a centnfuge
model can be traced to the 19th century or earlier).
Although the idea did not fully develop in the US at
that time, the Soviets recognized its potential in the
area of weapons effects and developed a major
program of centrifuge modeling. It is understood that
this continued until the recent political changes.

In the west, the development of centrifuges for
study of geotechnical problems was led by academic
researchers in the United Kingdom (UK) committed to
the study of soil as a plastic material. A number of
centrifuge centers developed in the UK, US and in
Europe during the 1970s and 1980s primarily attached
to universities or research institutions.

Miniature instrumentation and, . recently, the
development of affordable advanced data acquisition
systems has revolutionized the potential for centrifuge
models. Model experiments can now.provide detailed
quantitative information on the response of a model at
many different points for comparison with numerical
models  or  analytical  solutions.  Miniature
instrumentation has already been developed which can
measure  displacements, pore fluid pressures,

accelerations, resistivity, wave height, shear wave
velocity, and so on. ‘In-flight’ site investigation tools
can perform cone penetration probes, vane shear
experiments or other explorations of the ‘site’.
Miniature cameras can observe the behavior of the
structure in close up. Systems can load the soil and
structures, trigger earthquakes, generate water waves,
freeze ice sheets, carry out staged construction, release
contaminants or detonate explosives.

The wide range of physical phenomena that may be
created in a centrifuge and the quality and detail of the
data that may be captured from a model in-flight clearly
provides substantial opportunities for engineering
research studies. The Corps of Engineers has been
involved with centrifuge modeling since the 1970s, and
the recent development of the WES Centrifuge
Research Center in Vicksburg demonstrates the Army’s
full commitment towards the use of physical modeling
as an integral part of engineering analysis.

3 THE WES CENTRIFUGE

The design specification of the centrifuge followed a
review of available academic facilities which had shown
that none were able to routinely conduct experimental
models of the large field structures and problems with
which the Corps is principally concerned (Ledbetter,
1991). The facility was therefore designed with a
unique operating envelope. It was required that model
containers should be easily placed on and off the
centrifuge and these requirements led to the design of
a beam centrifuge with a swinging platform based on
the French designed Acutronic 661, 665, and 680
series of geotechnical centrifuges. Other centrifuges in
this Acutronic family include one at Rensselaer
Polytechnic Institute, Troy, New York, at the Centre
for Cold Oceans Resources Engineering, St. Johns,
Newfoundland, and several in Japan and Europe.
Figure 3 shows the WES Centrifuge in its containment
structure: key parameters are listed in Table 2 and
Figure 4 shows the performance envelope relating
payload capability to centnfugal acceleration.
Prototypes of the order of 300 m in breadth and 300 m
deep can be simulated in models subjected to up to 350
gravities ‘(around 3500 nv/s?). .

A wide range of modeling capablhttes was requlred
and actuators and appurtenances have been designed to
fulfil these requirements. Models can be constructed in
a range of containers that depend on the geometry of
the problem under investigation :(plane strain, axi-
symmetric, three dimensional, etc.) and the type of
phenomenon to be recreated.
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Figure 3. The U.S. Army centrifuge at the Waterways
Experiment Station,

Table 2. Key characteristics of the Army centrifuge.

Gravity range 10to 350 g
Platform radius 6.5m
Payload at 143g 8000kg
Payload at 350g 2000kg
Centrifuge capacity 1144 tonnes
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Figure'd.  WES Centrifuge performance envelope.-

Recent world-wide interest in centrifuge modeling
has concentrated on geotechnical applications;
however, the WES centrifuge facility has a much
broader mission. The WES centrifuge will address
research needs in physical modeling across the full
range of engineering applications. Investigations are
possible under climatic conditions ranging from desert
to polar to ocean regions. Key capabilities include: (1)
force and displacement controlled load systems, (2)
earthquake simulation, dynamic vibration loading and
water wave generation, (3) blast loading, (4) model
package environmental control, (5) in flight
manipulation of the model materials and fluids, (6)
miniature instrumentation, cameras and in flight site
interrogation, and (7) high speed data acquisition and
control systems.

The new capabilities that will flow from the
centrifuge will depend on the ingenuity of its users and
the design of its appurtenances. In this respect the
design of the centrifuge itself is merely one component
of the development of new capabilities in physical
modeling,.

4 CENTRIFUGE MODELING OF DYNAMIC
PROBLEMS

The use of centrifuges to address field problems
involving dynamics dates back many years. As noted
above, the Soviets made use of centrifuges as early as
the 1930s and 1940s for the study of weapons effects.
WES, which first used centrifuge modeling for
cratering studies in the 1970s, has now developed the
capability for carrying out such explosive investigations
on its new centrifuge (as discussed further below).

In the field of earthquake modeling, Professor
Mikasa at the University of Osaka pioneered the
development of the first centrifuge ‘earthquake’
actuator by using a tilting mechanism to create a
pseudo-static lateral acceleration field on a soil model
in flight, (Mikasa et al. 1969). Steedman (1991)

‘provides a review of the application of the centrifuge to

dynamic geotechnical studies which highlights some of
the important achievements of Japanese researchers in
earthquake centrifuge modeling.

Since the 1980s, a varietly of actuators have been
developed around the world for the simulation of
earthquake-like base shaking on centrifuge models.
These "have ranged from sophisticated units using
servo-hydrautic systems to provide broad band shaking
input to less mechanically complex systems that can
apply a broadly sinusoidal base shaking motion of a
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given duration and frequency. In general, limitations
posed by the high gravitational field in which the
equipment must work and the high development cost
has restricted the use of servo-hydraulic systems to low
g centrifuge applications and small models. At WES,
the requirement to conduct experimental models of
large field problems has led to the development of a
robust mechanical shaker designed to operate at over
200 gravities, significantly higher than any earthquake
centrifuge modeling on other beam centrifuges carried
out to date, Early indications, using a prototype version
of the system developed together with Cambridge
University, have provided encouraging results, as seen
in Figure 5.
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Figure 5. Sltear stress ratio at two depths in a WES
soil model under dynamic loading at 50 g,

The WES earthquake shaker (Figure 6) uses the
angular momentum stored in high speed rotating
flywheels to provnde the energy source for the shaking
motion. Power is transferred from the ﬂywheels to the
base plate beneath the model via a conttnuously
oscillating shaft. which is briefly grabbed by a high-
speed clutch for the desired duration of excitation.
Shown in Figure 7 is.the earthquake shaker mounted
on-the centrifuge.- Figure 8 shows the equwalent-
shear-beam laminar model container. that 15900 mm in
length, 650 mm in helght and 355 mm in wndth This
container incorporates shear sheets on each of the end

Figure 6. The WES dynamic load actuator.

Figure'7. Earthquake shaker on _the‘centriﬁlge

walls to transfer the complementary shear stresses
generated on vértical planes in the spectmen by base
shaking in the horizontal direction. This improves the
umformtty of shear.

From Table I it is seen that as the g level is
increased it is necessary to increase the frequency of
shaking and simultaniedusly to reduce the amplitude of
motion. At high g levels these small displacements may
becoime comparable to the manufacturing tolerances of
the moving parts; particular attention has been patd to
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this issue in the design of the WES shaker. The

resulting

Figure 8. Equivalent shear beam model container.

system is robust and economic, and will provide a pre-
programmed duration and frequency of shaking.

In fields such as the seismic design of retaining
walls, centrifuge model studies have provided valuable
insights into the mechanisms underlying the onset of
permanent movement and the ultimate failure of
different forms of wall. Conventional approaches to
the prediction of permanent movement of monohthlc
walls have been investigated and refined using
centrifuge model behavior data (Steedman and Zeng
1996). Other studies have mVestlgated the point of
application of the dynamic force increment and the
consequences of the development of excess pore
pressures and liquefaction in the backfill behind
anchored walls (Steedman and Zeng 1990). Flgure 9
shows a model of an anchored sheet-pile wall
experiment conducted at WES for Oregon State
University.

A key area of interest to WES has been the study of
liquefaction and the dynamic response of embankments
and dams. WES has made extensive use of ceritrifuge

modeling in this ﬂeld to provnde realistic data for the
validation of numencal codes and other analyses and a
substantnal program of research is planned for the new
facility. Flgure 10 presents typical results from recent
experiments in a test'program mvestlgatmg the effects
of confining stress on liquefaction that could have ‘a
significant impact on dam earthquake Stablllty ‘and

safety.

Figure 9. Model anchored sheet pile wall dynamic load
experiment.
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The WES involvement and interest in centrifuge
carthquake engineering experiments and studies dates
back about twenty years to collaboration with the
University of Cambridge (Morris 1979). WES
conducted experiments in the 1980s of models
including dry and saturated embankments with and
without surface supported and embedded structures.

An important advantage of centrifuge earthquake
experiments is the wealth of data and information that
can be acquired. The measured responses shown in
Figures 10 cannot be obtained by any other means
under the equivalent prototype stress states and
provide valuable insight to behavior under earthquake
excitation and for numerical mode! development and
verification.

Other fields involving dynamic loading that have
been addressed using the centrifuge include dynamic
loading of foundations (>machine vibration), (see Laue
and Jessberger 1994), and wave loading on coastal
defences and seabed deposits (Sekiguchi et al. 1994).

The modeling of instability of sand beds caused by
water waves at g has been hampered by the need for
very large or deep wave tanks. At high g it becomes
practical to adopt viscous scaling of the pore fluid
because of the small size of the wave tank, and
researchers at Kyoto University have shown that using
this technique, wave induced liquefaction can be
reproduced in a sand bed deposit, (Sekiguchi et al.
1994). This class of problem will also be addressed in
future at WES.

5 CURRENT RESEARCH AT WES

A number of research projects using the centrifuge are
currently underway at WES. In the following
paragraphs, a few of these investigations are described
which demonstrate the Corps interest in a wide range
of applications. Some of these fields are entirely new
to centrifuge modeling.

In the field of earthquake engineering, a large study
has commenced to investigate aspects of the prediction
of liquefaction. This has the potential for a major
impact on the design of remedial measures for earth
dams in seismic areas in the US. To date, the factors
which strongly:influence the predlctlon of a soil to
liquefy and its residual strength as used for design
purposes have been evaluated only on laboratory
element test data and fortuntous field pérformance data.
The new research approach is to use the new large
earthquake shaker mounted on the WES centnfuge to
conduct a series of models expenments momtonng ‘the
development of excess pore fluid pressure in the

foundation soils directly as a function of the density,
amplitude of shaking and number of load cycles (Figure
10). This approach will not need to extrapolate design
factors from small laboratory samples and may lead to
significant improvements in design and analysis
techniques.

A second research program is concerned with the
gravity driven mixing and flow of immiscible fluids as
oils seep into the natural groundwater environment.
The purpose of the models is to acquire data suitable
for the validation of numerical models of DNAPL
(denser than water non-aqueous phase liquid)
movement in groundwater, the development of which
have been hampered by the lack of realistic
experimental or field data. In a centrifuge model under
high gravity, the time taken for a diffusion event is
reduced by the square of the model scale over the
equivalent time in the field. This occurs because of the
small physical size of the model and the higher
hydraulic gradients. This is a strong advantage for any
experiments investigating long term diffusion type
problems as the centrifuge can achieve in a few hours
what would take many years to tens of years of
maonitoring in the field.

The first centrifuge expenments undertaken by the
Corps in the 1970s were in the field of blast crater
modeling. More recent work has studied the effects of
blast and blast induced liquefaction on structures.
Figure 11 shows a blast precision-scale cratering
experiment model configuration. Figure 12 shows a
crater formed in dry sand in the blast chamber on the
WES céntnﬁ.lge with a buried charge equivalent to
500 Ib. of high explosive (PETN). The model, at 45
gravities, has a crater diameter of 300 mm, equivalent
to 13.5 m in the field. Figure 13 shows a cut cross-
section through the crater and model of Figure 12.
Shown in Figure 14 is a comparison of crater profiles
from field experiments and centrifuge precision-scale
expenments

The WES centrifuge has a substantial capablhty for
modeling the effects of explosions on a wide range of
structures, again benefiting from’ the capablhty to
operate at up to 350 gravities. In the scaling of blast
phenomena, energy scales with N°, Table 1, and hence

I gm of high explosive at 100 g gravntles will generate an’

event equwalent to a 1 tonne explosion in the field. At
350 gravmes Iarge explosions can be repllcated The

program of work in blast modehng includes simulation’

of field events to demonstrate internal conSnstency of
the models and the effects of explosions on a range of
structures and facilities in different ground” condmOns
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Engincering for cold regions is another field of
interest to the Corps and“in this area studies have
commenced concerning the effects of ice forces on
structures with ‘the giowing of an ice sheet under
increased gravity in a specially designed insulated
container. Earlier studies at Cambridge University
have shown that ice grown under increased gravity in
the laboratory has an internal structure like that of a
multi-year ice sheet in the Arctic, with a-profile of
snow on the surface, random crystals at shallow depth
and vertically oriented crystals below that. Ifice sheets
of similar form to those found at sea can be formed in
a centrifuge model then this ploneermg research may
provnde a new route altogether for the development of
engineering solutions for ¢old regions engineering.

In the environmental area; a research program has
been initiated to investigate the consolidation of
dredged material and the- consequential damage to
capping layers. Initial experiments have addressed the
long-term settlement of ‘the material.  Continuing
experiments are investigating the movement of
contaminants. As was noted earlier, small volumes of
material in a centrifuge can replicate large volumes in
the field. For contaminant migration investigations,
this means that even small samples, which can be
readily managed in the laboratory, can provide a basis
for realistic modeling and simulation of the behaVIor of
the full-scale prototype. Samples dan be used this way
rather than simply used to acquire’ parameters in a
laboratory element test. Experiments on the WES
centrifuge have repllcated 20 years of contaminant

migration.

6 VISION

The development of the WES Centrifuge Research
Center marks the transition of centrifuge modeling
from a pure geotechnical engineering research tool to
a modeling technique of wide application'in engineering
work. The Centrifuge Research Center aims to
become the worlds leading centrifuge modeling facility
supporting the Corps of Engineers, the Army, the
Department of Defense, other federal agencies and
other nations, collaboratmg with academic and

industrial organizations and addressing novel and

demanding engineering probléms wofldiwide.

In order to maké 'this:vision a reality, WESis -

developing vehicles to foster partnerships with
researches and colleagues from Government, Industry
and Academia. The Corps has an agreement with the
National Science Foundation to facilitate such
partnerships. WES is also developing vehicles to foster

partnering with owners, operators, contractors, and
desngners who have problems that could be addressed
using data obtained from the results of centrifuge
studies,

7 CONCLUSIONS

The WES is continuing its tradition of 65 years of
physical modeling with the acquisition of the most
powerful centnﬁlge known to date and the
development of unique applications and appurtenances
for conducting research. Centrifuge i mvestlgatlons are
possible across a wide range of engmeermg fields.
Research is being conducted in eanhquake engineering,
environmental problems conceming groundwater flow,
geotechnical engineering, blast phenomena, ‘cold
regions and ice formation, dredge material dlsposal
behavior, and contaminant migration. Research is
planned in the engineering areas of soil-structure
interaction (behavior of large lock structures),
hydraulics and coastal (wave loading on beaches and
seabeds), and airfield pavements. The Corps is
convinced that numerical and physical modeling must
progress. together to solve todays and future
engineering problems. The centrifuge will allow us to

investigate phenomena not prevnously feasible including’

the performance of large civil engineering structures up
to and beyond their design limits and long term
prediction of environmental problems.

The WES centrifuge modeling capability marks the
transition in centrifuge development from academic
research to broad application in engineering research
and problem solving. The increase of gravity in a
centrifuge and its influences on’ physxcal processes
prowdes great beneﬂt for modellng ﬁeld phenomena.

R

are limited only by imagination.
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1. PROGRAM SCHEDULE

September 28, 1998

at Conference Room (8F) PWRI

10:00-10:20 Opening ceremony
Opening remarks by K. Yamamoto, Deputy Director-General, PWRI
Remarks by M. Sharp, U.S.-side Acting Chair of Task Committee H
Remarks by O. Matsuo, Japan-side Chair of Task Committee H

10:20-12:10 Session 1
Chair: R. Ledbetter
R.Dobry: Soil Liquefaction Lateral Spreading and Effects on
Foundations
M. Hamada: A Consideration on Mechanism of Large Ground
Deformation Caused by Liquefaction.
K. Phillips: Modeling Slides Due to Flow Liquefaction

12:10-12:20  Photograph (Entrance of PWRI Main Building)
12:20-13:00 Lunch (Conference Room, 1F)

13:00-14:10  Session 2
Chair: M. Hamada

l/ 1?11212
A. Yashima: Prediction of Seismic Behavior of Embankment Founded

on Liquefiable Soil
14:10-14:30  Coffee Break

14:30-15:40  Session 3
Chair: S. Steedman '
H.-Y. Ko: Centrifuge Modeling of Retaining Walls With Dry and
Saturated Backfill
O. Matsuo:. Seismic Performance of Rigid Retaining Walls
T, Tsutsumi: The Dynamic Geotechnical Centrifuge at PWRI

15:40-16:00 Coffee Break

16:00-17:20  Short trip for centrifuge facility and large scale 3D
shaking table facility '

18:30-20:30  Reception at Ushiku Chateau (hosted by Director General of
PWRI)
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September 29 . o ?

9:30-10:40  Session 4
Chair: M. Okamura
B, Kutter. Remediation and Apparent Shear Resistance of Lateral
Spreading Centrifuge Models - - .-
Y Taji Reproductlon of Large - scale 1g Tests on Drv Sand Dep031t
“and Pile Foundation using Centrlfuge Modelmg

5 ey (:?Ai‘v\';;g‘ Y

10:40-10:50 Coffee Break | v

10:50-12: OO Session b
- . Chair::R. Dobry:- :
S. Yasuda Earthquake - Induced Settlement of an Isolated Footing b
‘ for Power Transmission tower . . =
H, Kim: Deformation Mechanism of Compos1te Breakwaters i
under Earthquake Shaking- :

©12:00-13:00 - Lunch .. (Conference Room, 1F) ... . : .

13:00-14:10 Session6 - ..
Chair: M. Sharp
I Towhata: Cyclic Triaxial Tests on Crushed Mudstone and Effects of
Ageing
S, Steedman: Investlgatlons on the Behavmr of quuefymg Soils

14 10;14:30 Coffee Break

14:30-16:15  Session 7
Chair: I. Towhata
W. Vanadit-Ellis. Application of Tlme Frequency Analysm to Strong
Motion Data .
T Namikawa: A Study on. Bulldmg Foundatxon w1th Deep, Soil
Cement Mixing Method for Thermal Power Plant —
. Design Procedure and its Ver1ﬁcat10n by Effectlve
. Stress-Analysis . o
A Study on Bulldmg Foundatlon W1th Deep Soil
Cement Mixing Method for Thermal Power Plant  —
Verification of the Desngn Procedure by Centrlfugal
el Experments S 7;} feel st P 4 L i
R Ledbetter Earthquake Investlgatlon on. US Army Centmfuge

~16:15-16:30: Closing ceremony .. e ‘

Closing remarks by B. Ledbetter, Waterways Experlment Statlon

Remarks by M. Yasuda, Director, Earthquake Disaster
Prevention Research Center , PWRI
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