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SYNOPSIS : In geotechnical engineering, the mechanical characteristics of soil, the main material of geotechnical
engineering, is highly related to the confining stress. Reduced-scale physical modeling is often conducted to evaluate
the performance or to verify the behavior of the geotechnical systems. However, reduced-scale physical modeling
cannot replicate the behavior of the full-scale prototype because the reduced-scale causes difference of self weight stress
level. Geotechnical centrifuges are commonly used for physical model tests to compensate the model for the stress level.
Physical modeling techniques using centrifuge are widely adopted in most of geotechnical engineering fields these days
due to its various advantages. In this paper, fundamentals of geotechnical centrifuge modeling and its application area
are explained. State-of-the-art geotechnical centrifuge equipment is also described as an example of KOCED
geotechnical centrifuge facility at KAIST.
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1. Introduction

In geotechnical engineering, reduced-scale physical modeling is often conducted within a large centrifuge in order to
provide correct scaling of the self-weight stresses (Schofield 1980, Taylor 1995). The strength and stiffness of soil
highly depends on the effective stress level, and so reduced small scale models cannot replicate the field scale behavior.
When the models are accelerated within a centrifuge, the self-weight of the soil can be raised to field condition so the
entire behavior of the model can be similar with the full scale geotechnical structures.

Since Edouard Phillips suggested a centrifuge modeling of 1:50 scale bridge structures in 1869 under recognition of
the significance of self-weight body forces to obtain similarity of stress between reduced scale models and prototypes
when the same materials were used, there has been rapid evolution in physical modeling research using centrifuge. After
the first geotechnical centrifuge applications in the US and USSR in 1930s, the modern age of physical modeling
research started in 1960s. Mikasa at Osaka City University started centrifuge research from self-weight consolidation
and his research expanded to bearing capacity and slope stability problems. At the same era, Schofield at the University
of Cambridge also started using centrifuge on slope stability and consolidation problems.

The centrifuge modeling capabilities had been slowly recognized in the world and those are widely spread after 1985
International Conference in San Francisco. Since the Technical Committee has organized in International Society of
Geotechnical Engineering and Soil Mechanics (ISSMGE) in 1985, physical modeling research activities using
centrifuge has been more activated worldwide. With advanced technologies in centrifuge equipment and data
acquisition, the number of geotechnical centrifuges increased rapidly and currently there are more than 110 centrifuges
in operation in the world. The application area of centrifuge modeling also expanded from traditional geotechnical
engineering problems to more complex geotechnical systems.

Physical modeling using centrifuge has various advantages in analysis of geotechnical systems. Geotechnical
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centrifuge is sometimes called “the site next door” because it gives an opportunity to easily simulate field condition. By
conducting experiments with reduced scale model, centrifuge modeling can reduce consumption of time and effort in
preparation. For example, when consolidation phenomenon of clay is simulated at 100g acceleration in centrifuge, 1
hour of consolidation in the model can represent more than 1 year of consolidation in prototype scale. Also it is easier to
make the model than conducting full scale test while centrifuge provides accurate stress condition in the model system
than 1-g experiment. Centrifuge is useful for verifying numerical simulation and it has advantage that the deformation
or strength characteristics of soil material can be fully adopted. Also interface characteristics between two deferent
materials or boundary conditions can be easily simulated in centrifuge models.

Fundamentals of geotechnical centrifuge modeling and the application fields of modeling are introduced in this paper.
Especially, geotechnical centrifuge equipment is introduced by the case of KOCED geotechnical centrifuge testing
center, which installed most of state-of-the-art testing equipment for geotechnical centrifuge modeling.

2. Geotechnical centrifuge modeling

Basic idea of physical modeling of geotechnical systems using centrifuge is accelerating a reduced scale geotechnical
structure to appropriate high g-level to simulate prototype scale stress field in the model structure. When the model is
made on reduced scale of 1:N, it is accelerated at N times of Earth gravity. In this case the stress level any point of the
model can be similar to the corresponding point of prototype as shown in Figure 1. The centrifuge models are made
according to the same shape of the prototype structure at reduced-scale so users can observe the structural behavior of
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Figure 1. Concept of physical modeling using geotechnical centrifuge

Since large scale centrifuge equipment has been available in geotechnical engineering, it has been applied to various
geotechnical problems. From the applications to slope stabilities and consolidation problems, centrifuge modeling has
been used for almost every geotechnical engineering field. Applications to foundation engineering and earth structures
were the most common in the past. With developments of shaking tables, it has been widely used for earthquake related
problems such as structural stability of earth structures and liquefaction analysis. These days, the needs from petroleum
industry activate centrifuge researches on offshore foundation systems. Table 2 shows the number of reports on
centrifuge modeling published in International Conference on Physical Modelling in Geotechnics and their application
area. It shows that physical modeling research using centrifuge is applied to most of geotechnical engineering fields.

More recently, physical modeling techniques using centrifuges are applied to practical design of complex geotechnical
structures. For example, new concept of foundation design and its earthquake resistance of Rion-Antirion Bridge in
Greece have been verified by centrifuge testing (Pecker, 2006). The design of the foundation at the main tower is
basically a mat foundation above soft clay layer which is improved by installation of pile intrusion. The seismic design
concept of the foundation systems based on yield design theory, which allows limited sliding failure of the foundation
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system to prevent collapse of entire bridge structures, has been verified by centrifuge testing (Figure 2).

Table 2. The number of papers dealing with centrifuge modeling in the fields of geotechnical engineering which
published in ICPMG 2002 and 2006

case ICPMG 2006 ICPMG 2002
Physical modeling facilities 6 5
New experimental techniques 18 24
Soil characterization 6 4
Slopes and dams 21 8
Earthquake related problems 7 16
Ground improvement and soil reinforcement 20 13
Offshore systems 13 5
Pipelines 11
Shallow foundations 5
Pile foundations 39 19
Retaining structures 11 11
Tunneling and underground constructions 11 8
Geoenvironment 6 11
Miscellaneous 56 19

Figure 2. Deformation of the foundation system of Rion- Figure 3. Failure of New Orleans levee (London North)
Antirion Bridge after centrifuge test

Physical modeling is also used for replicating natural disaster and for analysis of the failure mechanism. In 2006,
intensive investigation had been conducted on the failure mechanism of levees in New Orleans area due to hurricane
Katrina in 2005. Centrifuge modeling of levees at London North Avenue and 17" street had been conducted and the
failure of the levees was simulated by controlling water level at the canal side (Sasanakul et al., 2006). It was found that
the gap between the levee and sheet pile was caused by the water pressure applied to the sheet pile and this water
pressure caused huge water flow. This failure mechanism could be confirmed by numerical simulation which considered
the gap between the levee and the sheet pile.

3. Principles of geotechnical centrifuge modeling
3.1 Scaling laws

Scaled model experiments must be designed based on similarity laws derived from fundamental equations governing
the phenomena to be investigated. The basic scaling law for the geotechnical centrifuge testing is derived from the need
to ensure stress similarity between the model and corresponding prototype. When an acceleration of N times Earth
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gravity (g) is applied to a material of density p, the vertical stress, 6, at depth h,, in the model is given by:
O,, = PNgh, M

In full scale prototype, indicated by subscript p, the vertical stress is expressed by:
o, = pgh, )

From the fundamental idea of the centrifuge modeling that the vertical stress at the model and the prototype is identical
Gym = Oyp, hm = hpN" and the scale factor for linear dimensions is 1:N. Basic scaling factors for physical quantities in
centrifuge testing are derived based on dimensional analysis using this linear dimension scale. Since the mechanical
properties of geomaterial used for general centrifuge model is identical with prototype material, those physical
quantities can be easily derived. In case that structural components, such as pile foundation, need to be simulated in the
centrifuge model, the design of those components must consider what kind of physical quantities are governing the
behavior of the structure. For example, bending stiffness of pile foundation is the key parameter for simulating the
behavior subjected to lateral loading, so it must follow appropriate scaling factor. Table 3 shows scaling factors for basic
quantities in centrifuge modeling. Most of scaling factors for the modeling can be derived from those factors.

Table 3. Scaling factors for basic quantities in centrifuge modeling

Item Scaling Factor Item Scaling Factor
Stress, modulus 1 Force, load N2
Density 1 Mass N7
Length, displacement N Diffusion time N2
Gravity N Stress wave velocity N7
Strain 1 Dynamic acceleration (earthquake) N

3.2 Basic considerations

The Earth gravity is uniform for the practical range of soil depths encountered in civil engineering. However, when
using a centrifuge to generate a high acceleration field for physical modeling, there exists a variation in acceleration
through the model in vertical direction. From the equation (1), the scaling factor N is generally calculated by the
effective centrifuge radius for the model R, such that:

Ng = o’R, 3)
where  is a angular rotational velocity of the centrifuge and the effective centrifuge radius R, is generally determined

as the distance from the rotating axis to one-third of depth of soil layer from the model surface. If the radius to the top
of the model is R,, the vertical stress at depth z; in the model can be determined from the following equation.

Zy z
0 (2)=]] P&’ (R,+ 2Nz = poz(R+2) (@

As shown in Equation (4), the vertical stress in centrifuge model shows nonlinear distribution with depth and the
difference of stress amplitude in a centrifuge model is compared with prototype in Figure 4. This error can be
minimized when the ratio between model soil depth and the centrifuge operational radius is small. Therefore, bigger
radius centrifuges have advantages in accurate modeling and model size while small radius centrifuges are convenient
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to use for repeatable tests.
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Figure 4. Comparison of stress variation with depth in a centrifuge model compared to prototype (Taylor, 1995)

In centrifuge testing, the particle size of soil sometimes affects the behavior of entire model. If the scaling law is
directly applied to the particle size, fine sand particle used in a 1:100 scale might be representing gravel and clay might
be representing fine sand. However, stress-strain characteristics of sand and clay are different. These particle size
problems can be significant when a centrifuge test is designed at high g level especially when sand or coarse particles
are used in limited model dimensions because the stress-strain curve of the material in the model cannot be fully
mobilized in the same way with prototype.

Most of centrifuge testing models use the same soil with prototype under guidelines from various research works.
Ovesen (1979, 1985) showed that there is some deviation from the common behavior when the ratio of circular
foundation diameter to grain size is less than about 15. Tatsuoka (1991) showed it is necessary to consider the ratio of
particle size to shear band width. The validation of this effect can be investigated by ‘modeling of model’. By testing
centrifuge models of different scale at appropriate acceleration levels corresponding to the same prototype, scaling
effect not only for particle size but for general design considerations can be validated, and it is useful to check
procedure for centrifuge modeling.

4. State-of-the-art geotechnical centrifuge equipment

A state-of-the-art geotechnical centrifuge equipped with a two-horizontal biaxial shaking table and a four degree-of-
freedom in-flight robot has been recently installed at KAIST by Korea Construction Engineering Development
Collaboratory Program (KOCED program) of Ministry of Land, Transport and Maritime Affairs of Korea (Kim et al,
2006). With the ultimate goal of strengthening Korea’s international competitiveness in construction technologies, the
KOCED Program aims to promote research and development and to set up a nationwide education program to produce
highly qualified researchers and practitioners in the various fields of construction engineering (Kim, 2006). In this
program, six large scale experimental facilities are being built and operated at the major regional universities and will
be interconnected with high performance information network in Korea (KREONET) and KOCED will construct a
system that can be controlled and accessed remotely. The geotechnical centrifuge facility at KAIST, as a part of the
KOCED program, will be operated on a shared-use basis.

In this section, the state-of-the-art equipment related to physical modeling using geotechnical will be introduced with
an example of KAIST case. It includes general idea and capabilities of geotechnical centrifuges, data acquisition
systems, and equipments widely used for simulating earthquake motion and construction process
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4.1 Geotechnical centrifuge

There are two types of geotechnical centrifuges. In the drum type geotechnical centrifuge, instead of rotating arm, the
rotating drum in which a soil specimen is placed along the full periphery of a cylinder rotating about its axis. The
effective experimental radius of drum centrifuge is usually less than 1.2m, which is relatively smaller than beam
centrifuge. Beam type geotechnical centrifuge, which is the majority of the centrifuges, is composed of rotating arm and
swinging basket. Most of the old designs are based on the principle of using a symmetric balanced beam with the
possibility of simultaneously using two models of comparable size and mass, one at each end of the arm. More recent
design uses asymmetric arm with model container at a long radius balanced by a more massive counterweight at a
smaller radius. The most recent technology enables moving the massive counterweight automatically by measuring
unbalanced force at each side induced by the model weight, and adjusting fine unbalanced force during experiments by
moving additional mass along the rotating arm.
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Figure 6. Beam centrifuge at KAIST

Australia (Gaudin et al., 2009)

A state-of-the-art geotechnical centrifuge can be explained by the case of KAIST. The centrifuge at KAIST is installed
in 2008 by a French manufacturer, Actidyn Systemes SA. This 5Sm radius and 240g-tons asymmetric beam centrifuge
has full automatic balancing system. During the starting stage of the machine lower than 5g, main counterweight with
two massive metal parts moves along the rotating arm by a motor to minimize unbalanced moment at the rotating axis
between experimental model and the counterweight by measuring unbalance force at the anchor. During the test,
automatic unbalance system moves secondary counterweight inside the rotating arm by hydraulic pump to adjust fine
unbalance force. Detailed specification of this centrifuge is shown in Table 4.

There are signal slip rings and fiber optic rotary joint at the top of the centrifuge for data transmission. Brush type
signal slip rings, which make electrical connections through a rotating assembly, have been widely used for transmitting
analog signals from the transducers in the centrifuge experimental model to the data acquisition equipments outside of
the centrifuge. While slip rings have been traditionally used for this purpose, fiber optic rotary joint enables gigabit
ethernet connection between the equipments in the centrifuge and the control computers outside. These days, PC-based
data acquisition system or controller for various accessories is usually installed in the centrifuge and users control those
systems remotely from control room. By using fiber optic rotary joint, users avoid noise problems induced from slip
rings and can have more flexibility on composing experimental systems. In some centrifuge facilities, people use
wireless network instead of fiber optic slip rings.

At the bottom of KAIST centrifuge, there are total five fluid rotary joints for hydraulic oil pressure, air and water
supply lines. Those supply lines directly go though the rotary joint to user experimental platform, and they are
connected to the equipments such as shaking table. It is important to have those fluid supply lines in case of centrifuge
experiments which require pneumatic pressure or water supply.
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Table 4. The specification of KAIST geotechnical centrifuge

Item Specifications
Platform radius 5.0m
Maximum capacity 240 g-tons
Maximum acceleration 130 g
Maximum model payload 2,400 kg
Experimental platform dimensions 1.2m (L) x 1.2m (W) x 1.2 m (H)
Fluid rotary joint 4 channels for 700kPa
6 channels for 20MPa
Electrical slip rings 8 lines for power supply
30 lines for signal transmission
4 lines for video transmission
Fiber optic rotary joint 1GHz, 2 passages

4.2 Data acquisition systems

In case of KAIST, the data acquisition (DAQ) system for centrifuge experiments is installed in the centrifuge near the
rotating axis and it is directly connected to local network via gigabit fiber optic rotary joint. This configuration of
centrifuge DAQ system is common in most of beam type centrifuge cases while signal slip rings had been used for data
transmission in early years of centrifuge testing. More recently, high-speed wireless data acquisition systems (WDAS)
have been developed for centrifuge testing (Gaudin et al., 2009). This technology provides advantages in avoiding
difficulties for connection between transducers and data loggers, and limitations of signal slip rings in case of drum type
centrifuges.

The DAQ system at KAIST is developed by combining brand-new National Instruments PXI and SCXI series. This
system is widely used in many centrifuge facilities due to its good flexibility to configure the system as user’s
requirements. This system basically consists of a computer and PXI-6251 multifunction data acquisition card mounted
onboard the centrifuge. Additionally, PXI-2566 relay switch is also installed to control switches and equipments. There
are four 500kS/s high-speed simultaneous data acquisition cards, PXI-6123, installed in the DAQ system for measuring
shear wave velocity of soil. The NI SCXI signal conditioning units are located at the centrifuge user platform so
multiple transducers can be easily connected to the DAQ hardware. It is aimed for the capability to record a total of 192
channels for accelerometers, strain gages, LVDTs and voltage type inputs at 100,000 samples per second simultaneously.

There are multiple channels for video camera signals, by using either on-board computer or electrical slip rings. It
gives more flexibility to centrifuge users for recording the experimental images.

4.3 Shaking table for geotechnical centrifuge

Recently, lots of research on geotechnical earthquake engineering using centrifuges has been undertaken throughout
the world. In-flight shaking tables for geotechnical centrifuges are operated using servo hydraulic systems. Because of
the scaling law, the frequency characteristics of ground input motion for the shaking tables have to be N times of
prototype ground motion. Therefore, the maximum operating frequency range of those shaking tables is usually up to
over 300Hz to 400Hz.

Generally, most of the in-flight shaking tables for centrifuge are unidirectional while earthquake motions are multi-
directional in nature. For this reason, biaxial shaking tables are developed at several universities in the world. HKUST
in Hong Kong and RPI in the USA have developed horizontal biaxial shaking tables (Shen et al. 1998, Zehgal et al.
2002), and UC Davis in the USA developed horizontal-vertical biaxial shaking table.

The in-flight shaking table at KAIST is two-horizontal biaxial type and it has been designed based on dynamic
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balancing principle (Perdriat, 2002). There are two counterweights with similar mass of the experimental model at the
shaking table, and dynamic balancing is achieved by reciprocal actuation of the model and the balancing counterweight.
In this system, the X and Y axis dynamically balanced motion is obtained by close loop control of its two parallel pairs
of actuators. This offers better performances than any known type of mechanical bearing guidance associated with
symmetry of construction. The dynamic balancing is important not only for simulating accurate input motion but for
reducing the risk of damaging mechanical part of the centrifuge itself.
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Figure 7. Dynamically balanced shaking table

Table 5. The specification of KAIST biaxial shaking table

Item Specifications
Shaking type Electro-hydraulic servo type
Shaking direction Two prototype horizontal
Maximum model payload 700 kg
Payload dimensions 0.65 m (L) x 0.65 m (W) x 0.6m (H)
Maximum acceleration 40¢g
Frequency range Up to 300Hz

Figure 8. KAIST biaxial

-

shaking tabl, Figure 9. Hydraulic power supply for the shaking table

4.4 Four degree-of-freedom in-flight robot

In most of geotechnical centrifuge testing, operations on centrifuge models should be done in flight condition in which
the stress state is properly simulated. Many tools such as cone, vane, and loading devices have been developed for these
purposes. Those are usually installed at a fixed location on the container and to repeat the same test or operation at
different points in a model, users have to stop the centrifuge to move the equipment. These stops make loading and

-201 -



unloading cycles to the soil sample that may induce changes in its characteristics, for example, consolidation conditions
in clay samples. Furthermore, complex simulations such as pile driving, soil reinforcement and excavation are difficult
or impossible to be done in flight condition with limited equipment. Therefore, new concept of equipment which
enables various experimental simulations in centrifuge flight condition is highly required.

In this context, four degree-of-freedom in-flight robot has been developed first at Laboratoire Central des Ponts et
Chaussées (LCPC) in France (Derkx et al. 1998). This on-board robot is installed on the top of model container and is
able to take and position a tool in any location using its four degrees of freedom, three linear directions X, Y, Z, and one
rotational direction, 6. It can change tools during a test and enables performing various operations on the model. The
in-flight robot is a general purpose device, capable of either following a pre-programmed sequence of activities, or of
being operated remotely from an operator’s station in real time.

Since the usefulness of the robot was recognized, HKUST and RPI also developed the robot. The experiments using
this kind of device have been tried for various cases and its usefulness in simulating construction activities has been
proven (Derkx et al. 1998, Ng et al. 2002, Zehgal et al. 2002). KAIST also has developed the robot which can utilize
four different tools at the same time.

The development of in-flight robots represents a new and evolving trend in geotechnical centrifuge modeling, which
permits a wide array of new research capabilities. This robot will be used to perform various operations such as pile
driving, applying static and cyclic loads in each direction, in-situ testing of soil properties using calibrated probes (e.g.
cone penetration test, T-bar, shear vane), soil remediation (e.g. sloping and/or level ground reinforcement, vibro-
compaction, injection of soil stabilizers), and excavation of soil to simulate construction activities.

Y axis rail (red)

X axis rail (grey)

Z-axis cable and tool holder
(in red) extracted for the sake
of clarity

Y-axis drive (in black),

drive belt and nut and screw
assembly

(screw in yellow and nut in
grey)

Y-axis motorization belt
(black)

Figure 11. KAIST 4 degree-of-freedom in-flight robot
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Table 6. Performance specifications of KAIST in-flight robot

Item Specifications
X Y Z 0,
Stroke 0.8m 0.6m 0.6m 270°
Maximum speed 50mm/s | S0mm/s | S0mm/s 5°/s
Loading capacity 1kN 1kN 5kN 5Nm
Accuracy +1.0mm | £1.0mm | £1.0mm +1.0°

Table 7. Robot tools at KAIST

Item Purpose
Standard head Providing air, water and hydraulic oil
Tool fixture Store 4 tools for operation
Pincer tool Grab and move small parts around the model
Cone penetrometer Model CPT unit with sensors for tip and sleeve resistance

5. Physical modeling research activities at KAIST

Since the installation of the centrifuge equipment in 2008, there have been several experimental research projects
related to geotechnical centrifuge modeling at KAIST. The first experiment for KAIST centrifuge was geophysical
visualization of shear wave velocity in model soil. Two bender element arrays were installed for generating and
receiving shear waves transmitting in model soil and 16 bender elements were installed at each side every 20mm.
300mmx*300mm area between two arrays could be visualized by tomography inversion analysis from total 256 shear
wave travel time information and the result shows good agreement with resonant column test. This shear wave
information in the model provide relatively accurate deformational characteristics, Gy, in-flight condition and it can be
used as key parameter for analysis of general centrifuge experimental results.
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Physical modeling of foundation systems for high-rise buildings or long span bridges is another research topic with
KAIST centrifuge. A series of centrifuge experiments were conducted to evaluate bearing capacity of single piles, group
piles and piled-raft foundations. The load distribution characteristics in different arrangement of piles in piled-raft
foundation could be measured by instrumentations at each pile, and the bearing capacity of the piled-raft foundation
could be estimated from the result of single piles and un-piled raft.
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The effect unexpected water flow in the concrete faced gravel-filled dam (CFGD) caused by damages at the concrete
facing was simulated to evaluate the drainage characteristics according to the selection of fill material. The function of
drainage zone beneath the concrete facing composed by gravelly material is to prevent rise of water level in the dam to
protect dam by enabling quick drain of water coming in. The effect of planning this zone was compared with a model
which doesn’t have this selective zone and the water penetration characteristics could be monitored from this test.

Recently, modeling of offshore foundation systems, natural disaster prevention of levee from flooding, soil-
foundation-structure interaction, and dissociation of gas hydrate in the seabed are in progress at KAIST. Using the
shaking table, the earthquake ground motions of free-field, embedded foundation, and pile-supported foundation, the
behaviors of rock-fill and CRFD dams, and the seismic design of subway tunnels will be evaluated. Physical modeling
of carbon sequestration progress and earthquake simulation in the centrifuge are new challenges for KAIST in near
future.

\ —

Figure 14. Installation of model piled-raft foundation Figure 15. Water penetration test from the cracks at the
facing of CFGD

6. Conclusions

Fundamentals and its application area of the geotechnical centrifuge modeling have been explained and state-of-the-
art geotechnical centrifuge equipment has been described by an example of KOCED geotechnical centrifuge facility at
KAIST. With advances of testing equipment and monitoring systems, more complex geotechnical structures can be
simulated in the centrifuge and construction process in the field can also be possible to simulate during the experiment.
Evolution of instrumentation technology enables geotechnical centrifuge modeling to be able to play a key role to
understand physical phenomena or mechanical behavior of geotechnical systems. As geotechnical engineering faces
new challenges such as offshore engineering, energy and environmental problems, there will be potential application
area which physical modeling technology using centrifuge can be applied.

With active collaborations between members in ISSMGE TC-2 Physical Modelling in Geotechnics, new technologies
for physical modeling and centrifuge testing will be developed and provided to geotechnical engineering society in the
world. Under the umbrella of the KOCED program, the share-based use of KOCED centrifuge facility will be activated
in Korean geotechnical community.

Acknowledgments
This research was supported by Basic Science Research Program through the National Research Foundation of Korea

(NRF) funded by the Ministry of Education, Science and Technology (grant number: 2009-0080575). The authors wish
to express their gratitude for the financial support.

204 -



References

1. Derkx, F., Merliot, E., Cottineau, L.M., and Garnier, J. (1998), “On-board remote controlled centrifuge robot”,
CENTRIFUGE 98, Tokyo, Japan, 23-25 September 1998, pp. 97~102.

2. Gaudin, C., White, D. J., Boylan, N., Breen, J., Brown, T., De Catania, S., and Hortin, P., (2009), “A wireless high-
speed data acquisition system for geotechnical centrifuge model testing”, Measurement Science and Technology, Vol.
20, pp. 1~11.

3. Kim, J.K. (2006), “KOCED Program”, Proceedings of the eighth U.S. National Conference on Earthquake
Engineering (SNCEE), San Francisco, 18-22 April 2006. (CD-ROM)

4. Kim, D. S., Cho, G. C., and Kim, N. R. (2006) “Development of KOCED geotechnical centrifuge facility at KAIST”,
Physical Modelling in Geotechnics: ICPMG 06, Hong Kong, 4-6 August, pp. 147~150

5. Ng, C. W. W.,, Van Laak, P.A., Zhang, L. M., Tang, W. H., Zong, G. H., Wang, Z. L., Xu, G. M., and Liu, S. H.
(2002), “Development of a four-axis robotic manipulator for centrifuge modeling at HKUST”, Physical Modelling
in Geotechnics: ICPMG 02, Newfoundland, Canada, 10-12 July 2002, pp. 71~76.

6. Ovesen, N. K., (1979), “The scaling law relationship-Panel Discussion”, Proc. 7" Eur. Conf. Soil Mech. Found. Eng.,
Brington, No. 4, pp. 319~323.

7. Pauschke, J, Anderson, T.L., Goldstein, S.N., and Nelson, P. (2002), “Construction status of the George E. Brown, Jr.
Network for Earthquake Engineering Simulation”, Proceedings of the Seventh U.S. National Conference on
Earthquake Engineering (7NCEE), Boston, 21-25 July 2002.

8. Pecker, A. (2006), “Enhanced seismic design of shallow foundations: example of the Rion Antirion Bridge”, 4th
Athenian Lecture on Geotechnical Engineering.

9. Perdriat, J., Phillips, R., Nicolas Font, J. and Huntin, C., (2002), “Dynamically balanced broad frequency earthquake
simulation system”, Physical Modelling in Geotechnics: ICPMG 02, Newfoundland, Canada, 10-12 July 2002, pp.
169~173.

10. Sasanakul, 1., Vanadit-Ellis, W., Sharp, M., Abdoun, T., Ubilla, J., Steedman, S., Stone, K. (2008) "New Orleans
Levee System Performance during Hurricane Katrina: 17th Street Canal and Orleans Canal North" Journal of
geotechnical and geoenvironmental engineering, Vol.134 No.5, pp.657~667.

11. Schofield, A. N. (1980), “Cambridge geotechnical centrifuge operation”, Géotechnique, Vol. 20, pp. 227~68.

12. Shen, C.K., Li X. S., Ng, CW.W,, Van Laak, P.A., Kutter, B.L., Cappel, K., and Tauscher, R. C. (1998),
“Development of a Geotechnical Centrifuge in Hong Kong”, Proceedings of the International Conference
CENTRIFUGE 98, Tokyo, Japan, 23-25 September 1998, pp. 13~18.

13. Tatsuoka, F., Okahara, M., Tanaka, T., Tani, K., Morimoto, T. and Siddiquee, M. S. A., (1991), “Progressive failure
and particle size effect in bearing capacity of a footing in sand”, ASCE Geotechnical Engineering Congress 1991,
Vol. IT (Geotechnical Special Publication 27), pp. 788~802.

14. Taylor, R. N. (1995), Geotechnical Centrifuge Technology, London: Blackie Academic.

15. Zehgal, M., Dobry, R., Abdoun, T., Zimmie, T.F., and Elgamal, A.-W.M. (2002), “NEES Earthquake Simulation and
Networking Capabilities at RPI Centrifuge”, Proceedings of the Seventh U.S. National Conference on Earthquake
Engineering (7NCEE), Boston, 21-25 July 2002. (CD-ROM)

- 205 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


