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Development of PHRI Mark II Geotechnical Centrifuge

Masaki KITAZUME®
Shogo MIYAJIMA**

Synopsis

In 1980, Port and Harbour Research Institute (PHRI) constructed the first
centrifuge (Mark I) with an effective radius of 3.8 m. Since then PHRI hag
conducted more than 1300 centrifuge operations on various research subjects.
The results of fundamental and practical research projects have been applied
and reflected to the constructions of various port and harbor facilities in
Japan and overseas.

Since 1989, undesirable vibrations of the concrete pit floor have frequently
occurred during high speed operation of the Mark I Centrifuge. This phenome-
non was accompanied with the progress of tensile cracks in the concrete pit
floor. Therefore PHRI decided to construct a new centrifuge, namely Mark II,
rather than repairing the Mark I Centrifuge.

In 1989, PHRI started the construction project of the new centrifuge which
continued until 1894. The effective radius, maximum acceleration and maxi-
mum payload of the Mark II centrifuge are the same as the Mark 1, however
the control systems and safety systems have enormously improved to accom-
modate the 14 years’ operation and experiences into the new facilities. And
also the data acquisition system was totally replaced by advanced systems for
the Mark II centrifuge. The Mark II centrifuge is believed to be one of the
most effective and functional centrifuges in the world,

This report briefly reviews the summary of operation of the Mark I centri-
fuge and describes the development of PHRI Mark 1l centrifuge facilities.

* Chief of Soil Stabilization Laboratory, Geotechnical Engineering Division
* + Research Engineer, Soil Stabilization Laboratory, Geotechnical Engineering
Division
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1. Iniroduction

In geotechnical engineering, small-scale model tests are sometimes used to study the complex
behavior of soil respense and soil-structure interaction. However, it is known that soil response
depends on the effective stress level within the soil mass. Therefore, small-scale model tests in
a conventional gravity field of 1 g often fail to reveal some important phenomena that may
exist at the prototype stress level.

To overcome this situation, it is desirable to perform a small-scale test under artificial stress
level conditions. One method of doing this is the centrifuge technique, in which a small model
scaled 1,/n from the assumed prototjpe is tested under an “n” times gravity field created by
the centrifugal acceleration. The idea of applying centrifugal acceleration to model testing was
said to be originally proposed by French engineer Phillips in 1869, The idea was put into prac-
tice by Bucky in 1931 in USA and by Pokrovsky and Davidenkov at around the same time in
USSE. Principle of geotechnical centrifuge modeling has been appreciated since the 1930s and ex-
plained by several research workers®. A{ present, centrifuge model testing has become an im-
portant {ool for investigation of complex geotechnical problems as referenced by several recent
symposia around the world.

Currently more than five dozens geotechnical centrifuges are in operation in various countries,
In Japan Prof. Mikasa at Osaka City University was the first who built a centrifuge with an
effective radius of 1.01 m in 1965 and utilized it to study the consclidation process of soft clay.
In the 1960s, Tokyo Institute of Technology (TIT) built a larger centrifuge with an effective ra-
dius of 1.18 m. These two centrifuges were employed extensively to investigate the self-weight
consolidation, the bearing capacity of scil and so on. These research efforts and achievements
proved the importance of centrifuge model testing in geotechnical engineering.

In 1980, Port and Harbour Research Institute (PHRI) constructed the first centrifuge (Mark 1)
with an effective radius of 3.8 m. For typical prototype structures in port and harbor areas, a
reasonable soil area to be modeled was considered to be 150 m by 150 m in plane. Therefore, the
effective radius of 3.5 m, the maximum acceleration of 100 g and the swinging platform of 1.5
m by 1.5 m were decided for the PHRI Mark I centrifuge. This provided insight for many re-
search engineers in Japan with motivation to build up their own centrifuges.

Since then PHRI has conducted more than 1300 centrifuge operations on various research sub-
jects. Some of them were related to basic research fopics such as investigating the bearing ca-
pacity of shallow foundations on sandy or clayey grounds, behavior of a single pile under
lateral loads, and so on. Because the Ministry of Transport is in charge of constructing port fa-
cilities in Japan, our research activities also included practical research project associated with
specific prototypes. These research results relating to the centrifuge model tests have been pub-
lished in various technical journals and reports for specific construction offices. The results of
these fundamental and practical research projects have been applied and reflected to the con-
structions of various port and harbor facilities in Japan and overseas.

Since 1989, undesirable vibrations of the concrete pit floor have frequently occurred during
high speed operation of the Mark I Centrifuge. This phenomenon was accompanied with the
progress of tensile cracks in the concrete pit floor. From detailed investigations it was found
that the undesirable vibration was due to the fatigue failure of the concrete pit and structural
defects in machine layout. Therefore maximum operative acceleration was limited below 50 g
for safety reasons, which in fact led to serious limitation to research projects to be studied.

_..4_..



Consequently, PHRI decided to construct a new centrifuge, namely Mark II, rather than repair-
ing the Mark I Centrifuge. In the planning for the Mark II centrifuge, statistical studies were
carried out on the actual operating acceleration levels and the volume of soil specimen used in
the 14 years' Mark 1 centrifuge operations. As a result of this study it was found that the
major dimensions and capacities of the new centrifuge to be the same as the Mark I Centrifuge.
Therefore, the main arm and the swinging platforms of the Mark I centrifuge were used again
for the new centrifuge.

The construction project of the Mark II centrifuge facility included ground survey, construc-
tion of underground concrete pit, new buildings and centrifuge machine, and up-grading the an-
cillary equipment. In 1989, PHRI started the construction of the new project which continued
until 1994, based on the financial support provided by Japanese government. During these six

‘years' construction period the Mark I centrzfuge had been operated as usual below the limited

acceleration. The effective radius, maximum acceleration and maximum payload of the Mark 11
centrifuge are the same as the Mark I, however the control systems and safety systems have
enormously improved to accommodate the 14 years' operations and experiences into the new fa-
cilities. And also the data acguisition system was totally replaced by advanced systems for the
Mark II centrifuge. The Mark II centrifuge is believed to be one of the most effective and fune-
tional centrifuges in the world. The construction project for the Mark Il centrifuge facility was
completed in 1994. Since then many research projects related to model testing have been per-
formed in the Mark II centrifuge.

This report briefly reviews the summary of operation of the Mark I centrifuge and describes
the development of PHRI Mark II centrifuge facilities.

2. Operation of PHRI Mark I Centrifuge

2.1 Machine use

The construction of the Mark 1 centrifuge (Fig. 1) began in 1977 and completed in March of
1980. Since then PHRI has conducted more than 1300 centrifuge operations and has published
nearly 60 papers related to centrifuge model tests. The basic configuration of the centrifuge ma-
chine and iis assembly have been described by Terashi?*®. Since the operation of the Mark I cen-
trifuge was already reported in detail®’, only a brief summary is presented here.

| Fig. 1 PHRI Mark I Centrifuge
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The centrifuge efficiency can conveniently be assessed in terms of the number of machine
runs, total running hours and total running machine rotations within a particular period of
time. Figure 2 shows the statistics of operating the Mark I centrifuge within 1980 to 1994. The
analyses indicate, on a yearly basis, the average usage over an 14 years period of 93 runs total-
ing 229 hours per year. Of the total number of machine runs over this period some have yielded
successful geotechnical data; the remainder fall into. a non-productive category including ma-
chine testing, instrument calibration, equipment proving, and tests which have been discarded
for different reasons. Figure 2 (a) shows the two categories of the machine runs. It can be seen
that 25 percent of the machine runs fall into the non-productive machine runs. This ratio is al-
most in the same order as that of the centrifuge machine of Manchester University®’ in
England.

Up to 1983 use of the centrifuge was mainly on evaluating the bearing capacity of sandy
ground. Since this subject was a first model test for PHRI centrifuge, fairly simple model tests,
concentric loading tests, were carried out at beginning., Know-how on operating the centrifuge,
model preparations as well as model test procedures have been accumulated during a large num-
ber of repeated tests.

From 1984 the involvement with research on cohesive material required a long-run centrifuge
operation for obtaining normally consolidated clay ground having the shear strength increases
with depth to simulate the soil profile condition in most harbor areas in Japan. A clay often
used in the model tests was Kaolin clay whose coefficient of consolidation was relatively large
so that consolidation time required for self-weight consolidation in a centrifuge could be re-
duced to one and half days for the clay ground of 20 cm in thickness. For safety operation al-
most all staff members including the main investigator carefully monitored both the machine
and the model ground during the long-run operation. Model ground preparation using cohesive
materials have been governed not only by consolidation period but also by personnel exhaustion
in the long-run operations. Therefore, the model tests on cohesive materials were carried out
about once or twice a month and relatively short runs were carried out in the intervals of the
long-run operation.

Since 1980, undesirable vibration of the concrete pii floor was occurred at high speed opera-
tion. ThisAphenomenon was found to be due to the progress of fatigue cracks in the concrete
pit. After detailed investigations and discussions with the manufacturer, the maximum opera-
tive acceleration of the centrifuge was limited to 50 g for short-run and 40 g for long-run ex-
periments for safety reasons.

J
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2.2 Safety .

An annual maintenance and a set of regular Inspections contributed to the safe operation of
the centrifuge for the last 14 years. The annual maintenance of about two weeks was undergone
by the manufacturer to check the machine hardware components, electric systems, lubrication
and so on. Since 1989, vibration of the concrete pit and progress of the cracks in the pit were
also monitored. during the annual maintenance.

The centrifuge was operated under a set of safety regulations, designed to minimize the risk
of accidents tc the personnel and peripheral equipment. Model specimen boxes were designed
using three dimensional elastic finite element analysis to ensure the structural soundness and to
confirm the amount of expansion of the box during the flight within the allowable values. All
boxes thus designed and manufactured were subjected to proof testing in advance up to 20 per-
cent higher acceleration than the acceleration of commonly use. In the proof tests, the deforma-
tion and the strain of the box were measured at various points and confirmed to remain within
the allowable values. After these procedures, the boxes could be in use for model testing.

In model testing, the weight and eccentricity of model components and its counterweight are
checked in advance, using on-flight authorization sheets, to meet a balance requirement aimed
at limiting overioad on the machine bearings as a more strict requirement than that of overall
structural integrity. When meodels are mounted on the swinging platform of the centrifuge, all
the equipment, transducers as well as loading devices are carefully examined in the presence of
the responsible engineer.

_During the operation of centrifuge a continuous check Is made on potential off-balance loads,
temperature increase, and noise in the rotary joints and bearings, and the vibration of the ma-
chine and concrete pit. These vigorous inspection procedures have tremendously contributed to
the safe operation of the centrifuge for the last 14 years.

2.3 Research subjects studied

Figure 3 and Table 1 indicate the area of research subjects conducted over the last 14 years,
These projects which are either curiosity oriented and a foundamental research include the inves-
tigation of bearing capacity of foundation on sandy ground or mormally consolidated clayey
ground, reinforcement of embankment by geotextile, horizontal resistance of a pile and failure
behavior of the improved grounds using sand compaction pile (SCP} method and deep mixing
(DM) method. The research topics Hsted in Table 1 oriented and have close relevance to specific
prototypes. These research activities have contributed for better understanding of prototype be-
havior and improvement of the current design procedures. The details of sach subject have been
presented in different publications®*®.

i
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Fig. 3 A chronology of research subjects using centrifuge apparatus

Table 1 Practical research subjects using cenirifuge apparatus

placement of soft- landing break
waters

Research Topic Soil Improvement Periad
Niigata Port Application of DMMethod to Deep Mixing ‘92 ~‘a3
retaining wall Method
Haneda Airport | Stability of retaining wall due to ‘87
excavation
Application of fabri-packed sand Sand Drain ‘ai
drainto extremely soft clay ground
Influence of embedded sheet wall pile ‘93
to deformation of ground surface
Wakayama Effect of local soil improvement on | Deep Mixing ‘89
Shimotsy  Port the behavior of revetment Method
Osaka Port Effect of SCP improvement on Sand Compaction ‘90
slope stability Pile Method
Kurnamoto Port | Deformation of soft ground under 8l




2.4 Causes of vibration .

As mentioned before, the undesirable vibrations of the concrete pit floor of the Mark I centri-
fuge have frequently occurred since 1989, which required continuous effort to clarify the sources
of the vibration, to monitor the progress of crack propagation, and to find suitable counter-
measures for safe operation of the centrifuge. According to detailed investigations, based on the
settlement data of the concrete pit floor, measurement of vibrations, and the analyses of sev-
eral parts of the machine and the floor, it was found that the vibration was induced by the fa-
tigue failure of the concrete pit floor. The extension of many tensile cracks observed at the
exterior side of the pit proved that the concrete pit floor was gradually smkmg by its self-
weight (as shown in Fig, 4) and it leaned toward the main rotating shaft. The thermal expan-
sion of the main shaft during the long-run experiments reduced the gap bhetween the gear
engagements and aggravated the vibration. In addition, the structural members in which the ro-
tary joint, rotary transformer and slip rings were installed on the upper side of the main shaft,
as shown in Fig. 4, caused harmful effects and contributed to the vibration of these equip-
ment. As a result, PHRI authorities decided to construct a new centrifuge rather than repairing
and improving the Mark I centrifuge.
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D.C. Motor upper floor
nadJUST = adjust
[l \M \V / cracks
17 e | | AR 7
TR [
o vibration

8§ _thermal longthen ol
="

H——‘

[\

Fig. 4 Schematic layout of the Mark I centrifuge

3. Development of PHRI Mark II Centrifuge

3.1 Layout of the centrifuge facility

The development of the PHRI Mark 17 centrifuge facility was started in 1989, in which new
centrifuge apparatus, new centrifuge building, model preparation building and operation build-
ing were aiso constructed. Figure 5 shows the layout of the new centrifuge facility. These build-
ings and centrifuge apparatus were constructed'according to the time table shown in Table 2
based on the grant furnished by Japanese government. .

The new centrifuge building housing the Mark II centrifuge (Figs. 6 and 7) was constructed
adjacent to the Mark I centrifuge building which is presently used as the model preparation



“\H‘\lﬁr—"—n_L..l = o
MarkI centrifugej

Opercfipn
building-

| centrifuge building

/

===
substation
| SR |

control
room

=—="=1
substation
| S|

model preparation
buitding

i

Fig. 5 Schematic layout of the Mark II centrifuge facility

Table 2 Time table of the construction project
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@ new cenitrifuge building —em—
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building, as shown in Fig. 5. This building is consisted of an underground concrete pit, electric-
ity supply room, and a crane to transport the specimen boxes.

The centrifuge operation building, the former training center of the institute, was remodeled
to a number of offices and control room. And two bed rooms and shower room were also pre-
pared for the convenience of the personnel during the long-run experiments of the centrifuge.
Therefore, the model preparation and centrifuge control can be cbnciucted separately from the
centrifuge machine which will prevent human damage in case of serious accident of the machine.
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3.2 Congcrete pit
The underground concrete pit for the Mark II centrifuge was constructed by digging down soft
rock 9.4 m below the ground level, as shown in Figs. 8 and 9. The reinforced concrete pit has
a sufficient large thickness wall of 50 ¢m to resist against the earth and water pressures from
the surrounding ground and potential radial unbalance force during the centrifuge operation.
The concrete pit has three floors under the ground. The top floor of the pit has the same ele-
vation as that of the model preparation building so that specimen box can be easily Aransported
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by handcart from or to the medel preparation building. The floor is composed of the concrete
slab of 80 cm in thickness and steel box in its central part, as shown in Fig. 6. The steel box,
which is lighter than concrete, can help to prevent any possible settlement of the floor which
was observed in the Mark I centrifuge. And the box can be removed entirely so that the centri-
fuge machine can be lifted up without disassemble of the system in the case when entire repair
is needed. A hydraulic driven opening hatch and a perspex window are zlso installed in the
steel box for transperting specimen box to the centrifuge and for the 70 mm pulse-data camera,
respectively. Six outlets are prepared in the upper floor to control the air circulation in the pit.
Many fluorescent lamps are also installed in the box for lighting up the lst basement of the
pit.

The 1st basement of the pit, 10.4 m in diameter and 3.3 m in height, which houses the main
part of the centrifuge. A set of three windows is allocated on the side wall of the 1st basement
for the 70 mm pulse-data camera. Furthermore, plug sockets and jack plugs for inter-phone con-
nection to the control room are affixed on the side wall, along with the outlets of air and
water pressures and vacuum for ease of model preparation. Almost all the periphery equipment
such as fluorescent lamps, observation cameras and outlets for electricity and hydraulic pres-
sures are installed outside the spinning zone of the centrifuge arm, but within the concrete pit,
in order not to be affected by the air flow induced during the operation of the centrifuge.

The driving unit and the hydraulic pump unit for lubrication of the upper and lower gears of
the main shaft are installed in the 2nd basement, along with the plug sockets and jack plugs
for the inter-phone. .

The 3rd basement has comparatively small sectional area in which the lubricating pump unit,
the electric slip ring for supplying AC electricity, and rotary joints are installed on the bottom
of the main shaft.

3.3 General configurations of the centrifuge

As mentioned earlier the PHRI Mark II Centrifuge has the same capacity as the Mark I with
a maximum acceleration of 113 g, maximum pay load of 2,760 kg and maximum capacity of
300 g-tons. Major specifications of the centrifuge machine and its anciliary equipment are listed
in Table 3_. The Mark II centrifuge, in comparison with other centrifuges operating in different

countries, is ranged among the high capacity centrifuges in the world, as shown in Fig. 10 and
Table 4 405,

(1) basic layout /q 9., E o BHRI MarkTl
The main part of the centrifuge is housed w‘ E
in the underground reinforced concrete pit for 10000 %—~~----~«--m“i\\----b— ---------------
safety operation as shown in Figs. 7 and 8. %, ic P
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Table 3 Major specifications of the Mark I centrifuge

maximum acceleration 113 g
maximum number of rotation 163 rpm
maximum pay load 2,760 kg
diameter of rotating arm 4.757 m
maximum effective radius 3.8 m
maximum capacity 300 g-tons
space of swinging platform 1.6 mby 1.6 m
main motor 440 v (DC)

450 kw

rotary joints:

oil max. pressure 210 kgf/cm2
max. flow 60 1/min
number of ports 2 ports
water max. pressure 10 kgf/cm2
max. flow 120 1/min
number of ports 2 ports
air max. pressure 10 kgf/cm
max. flow 120 1/min
number of ports 1 port
electricity slip ring
capacity AC 200 vV, 30 A
number of channel ‘4 channels
slip ring
capacity AC 100 V, 1 A
number of channels 44 channels
cptical fiber rotary joints
number of channels 15 channels

(2) main shaft

The main shaft of the centrifuge, as shown in Fig. 1, has a maximum diameter of 1.2 m
and 3.41 m in length, and has been designed to endure the radial unbalance forces of 37 tons in
usual flight and 77 tons in emergency. The shaft is supported at its both ends by bearings for
safety operation. The bottom bearing was designed to support both radial and thrust forces and
the upper bearing was designed to support radial foree. This bearing system was adopted based
on the experience of the Mark I centrifuge, which can prevent any restriction of the axial expan-
gion of the main shaft due to temperature increase at the upper bearing. Figure 11 also shows
the cross section of the main shaft in which four holes for data acquisition and six holes for
hkydraulic pressures are bored in the jacket of the main shaft.

{3) main arm and swinging platform

The main arm is composed of four frames, bridge plates and end plates, as shown in Fig. 12.
The main arm is tightly fixed to the main shaft by screw bolts. Two swinging platforms are
hinged to the arm via the torsion bar systems as shown in Fig. 13. The gap between the end
plate and the bottom of the swinging platform, when lifting up the swinging platform at 1 g,
is designed to be 1.2 mm which corresponds to the swinging platform with pay load of 1000



Table 4 Major centrifuges in the world

Max.. {Effscliva ] Max, Max. | Capacity
Nao. | institulion Country Radlus | Radius |~ Accel. PaLload
{m) {m} {5 {kg} {g-lon}
1 Tha Unlversily of Western Australia Australia 1.8 1.55 200 400 A0
2 C-CORE Canada 55 5 200 2200 220
3 [ Chengdu Hydroeleclrle Investigation
and Dasign Institule China 10.8 110 3000 216
4 | Hehal Universily Chilna 24 250 25
5 | instilule o! Waler Conservancy
and Hydroeleclric Power Hesearch China 3 300 1500 450
6 Nanllng ydravile Research Institule China 3 2 200 100 20
7 Nanjing H{draullc Research [nsiitute GChina 5 200 2000 400
8 | Yangize River Science Research Insliiute China 3.47 3 300 500 150
9 | Danish Englnesring Academy Denmark 23 80 | 1200 96
10 | CESTA France 10
1. | LCPC France 5.5 5 200 2000 200
12 | City Universily UK i.8 1.55 200 400 40
13 | Lucas Awerospaca Division UK 2.6
14 MIST UK 15 133 750 100
15 | University o! Gambridge UK 3 4 155 900
16 | University of Liverpool UK 0.991 200 200 20
17 | University of Manchaster UK 3.2 200 3400
18 | Ruhr—Univ. Germany 4,125 250 2000 500
19 | AuhreUniv. Garmany 1.8 t.65 200 400 40
20 | Delfl University ol Technology Holland : a00 3500
21 | lIsraet Delance Minisiry Israel 1.5 100
22 ISMES ltalia 600 400
23 { NIKKEN SEKKEI Japan 3 2.7 200 1000 100
24 { Port and Harbour Research Inslitute, Mark—1 Japan 3.8 115 2710 ace
25 ¢ Kyoto Universily Japan 1.5 200
26 | Ministry of Constructlon Japan 1.15 300
27 1 Kashima Co. Japan 3 2.7 200 1000 100
28 | Osaka City Universily, Mark—5 Japan 2.56 200 22.4
29 | Talsei Co. o| Japan 2.65 200 400 80
30 | Chuo Univarsily Japan 3.05 180 100
31 | Tohyo Instilute Technology, Mark—2 Japan 1.25 150 250 315
32 | Toyo Conslruction Japan 2.2 250 300 75
33 | Ministry of Labor Japan 2.3t 200 500
34 | Hydroproject Instilute Russia 2.5 320
35 | Institute of Ukr.N.LL Projekt Russia 2.505 320
36 | Research Insliluie o! Bases
and Underground Siructures Russia 2 100
37 { VNIl Vodgeo Russia 23 250
38 Nalional University ol Singapore Singapore
39 | Boeing Aerospace Company us 1.4 600 55 66
4Q | Bureau of Mines at Maryland USA 0.9
41 | California Institule of Technology USA 1.3 175 36 7.5
42 1 MIT USA 200 68 15
43 Missour] School of Mines at Rolla USA 1.07
44 | New Mexico Engineering Hesearch Insiiute USA 18 100 227 25
45 | Princelon Universily USA 1.3 200 76 10
46 | Rensselar Polylechnic Institute Usa 3 2.7 200 1000 100
47 Sandia Gorporallon ; GA~2 UsA 2.1 150 227 15
48 | Sandia Corporallon: lixed USA 7.62 240 7257 800
49 | Sandia Corporallen ; swing USA 7.62 150 1814 300
50 | US Air Force Engineering and Services Cenler | USA 1.83 100 225 15
51 | Universily of Calllornia at Davis USA 9.1 50 3640 275
52 | Universily of California at Davis usa i 175 5
83 | Universily ol Colorado al Boulder Usa 549 200 2000 440
54 | University ol Colorado at Boulder USA 1.36 300 100 15
55 | Universily ol Florida: A USA 1 100 22.7 25
56 | Universily of Florida:B USA 2 160 839
57 | University of Maryland usa 1.34 200 45.4 10

kg should touch down on the end plate of the arm at 40 g. On the central part of the main arm
the switching box, amplifier, A,”D convertors, as well as hydraulic accumulators are appended,
as shown in Fig. 14.

On the surface of the swinging platforms many threaded holes have built in, as shown in Fig.
15, so that various kinds of specimen boxes with different dimensions and loading devices are

easily mounted on, in supplement to the terminals for data acquisition, eleciricity and hydraulic
outlets.

(4) drive unit

The drive unit for the Mark II centrifuge of 450 kW DC motor is mounted on the nd bage-
ment floor of the pit as shown in Figs. 16 and 17. This unit steadily increases the acceleration
of the centrifuge up to 113 g, as shown in Fig. 17. The drive unit also functions as a reverse
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Tig. 14 Amplifier and A/D convertors on the main arm
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Fig. 17 Gear box

generator during deceleration of the centrifuge which enables the centrifuge to stop within 15
minutes by exhausting the inertia energy of the machine,

(5) Lubrication unit

The pump units shown in Figs. 18 and 19 were installed on the 2nd and 3rd basement floors
of the pit. These units are designed to circulate the oil at 85 liters per minute to the gear hox
and to the two bearings for continuous lubrication. In the case of electricity failure the machine
may take about two hours to fully stop because the drive umit can not exhaust the energy.
However,.the lubrication of the gear and the bearings should be maintained until the machine
fully comes to stop. Therefore an emergency generator unit as shown in Fig. 20, was also in-
stalled for the pump units in the case of electricity failure during the experiment.
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Fig. 18 Pump unit for oil supply

Fig. 19 Pump unit for oil return




Fig. 20 Emergency generator for Iubrication

{6) air circulation

All the energy dissipated during the aerodynamic heat losses of centrifuge operation raises the
temperature of the air mass contained in the centrifuge pit. In the Mark I centrifuge an air con-
ditioner was installed on the top floor of the pit to cool the air against the temperature in-
crease caused by the spinning of the centrifuge®®, but it did not have encugh capacity to cool
the air sufficiently. Therefore, in the Mark II centrifuge air in the pit is continuously replaced
by fresh air when the centrifuge is on operation, as shown in Fig. 21. A large scale air inlet is
installed in the concrete pit to allow fresh air flow into the lst basement through the 2rd and
3rd basements. Six outlets are furnished in the top floor of the basement to deplete the air in
the pit.

air iniet

-{@Er air outlet

y

7
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Fig. 21 Air Circulation

R



(7) operation system

The operation of the centrifuge is conducted using the control panel in the control room of
the operation building, as shown in Fig. 5. Figure 22 indicates the control panel and the opera-
tion desk which control the whole operation process of the centrifuge and monitor the safety
systems. Conditions of all the important components of the centrifuge, such as upper and bot-
tom bearings of the main shaft, electric currents, lubrication, the vibration at the pit and gear
box, and so on, are simultaneously menitored by closed-circuit systems and are displayed on the
control panel screens. The control panel is equipped with safety measures to activate the alarm
system on emergency situations by halting the machine automatically. All the data monitored
in the system are automatically recorded in optical disk in case of trouble For ease of investi-
gation of the cause of the system failure. In addition, to ensure human safety and optimized
operation, the centrifuge facilities are equipped with a safety manage:ﬁent system that includes
several T.V. cameras, monitors, locks, detectors, emergency switches, .and inter-communication
system,

Fig. 22 Operation desk and control panel

3.4 Ancillary equipment

(1) Electric slip rings and rotary joints

Various accessory tools and equipment are available to conduct experiments in a high g field
levels. They include loading devices for bearing capacity study, sand hopper for embankment
construction, vane tester and cone penetrometef for measuring in-situ strength of the model
ground during the flight. In order to drive these equipments during the flight, electrical slip
rings were installed at the bottom part of main shaft to supply 3-phase electricity of 200 V
to the centrifuge. Figure 23 shows the position of electrical slip rings and rotary joints. The
electricity is transformed to 3-phases of 200 V, 2-phases of 100 V and DC 24 V, and each elec-
tric phase can be controlled individually by means of the switching circuit shown in Fig, 24.
Hydraulic, water and air pressures are also supplied to the plaéform through the rotary hy-
draulic joints installed at the bottom part of the shaft.
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(2) data acquisition systems

Figure 25 shows the data acquisition system and photo acquisition system installed in the
Mark Il centrifuge. There are two data acquisition systems installed in the Mark II centrifuge
for static and dynamic measurements as shown in Fig. 26. For the static measurements electric
signals received by various transducers are transmitted through a slip ring stack of 44 poles
on the top of main shaft from the swinging platform to the operation room. The analog sig-
nals from the transducers are measured and converted to the digital signals in a strain meter,
inputted to a personal computer, stored in a floppy disk and displayed on a CRT after perform-
ing certain computations. For the dynamic measurements the electric signals are converted to
the digital signals in a A"D convertor on the centrifuge (Fig. 14) and then it is transmitted
through a fiber optical rotary joints to the operation room. The A~D convertor and amplifiers
are simultaneously controlled through the GP-IB system from the operation room. The signals
to control the switching circuit for electricityl supply are also transmitted through the slip rings
from the operation room to the centrifuge.

Real Time OCbservation

by ITV slip ring
elactric signols
Photo Instrumentation
Light Source
System Controiler transducers in model groend
Light Source
static measurements dynamic measurements
Fulse Data | Switch Box | |Ampiifier, A/D Converta:‘
Camera
slip ring optical fiber
slip ring
|strain meter Micro Computer]
Data Processor

| {GPIB)

frorm Sysiem Contr?iler
T_l;nme Micro Computer Micra Computer

lmonitor * \ printer] lmonitorl Ipriier ]

sand
Displacement Loci

Fig. 25 Data acquisition systems
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Tig. 27 Slip rings

(3) Photo acquisition system

Photograph of the model ground in the specimen box can be taken from two different angles
in the pit; one is through the opening in the side wall of the concrete pit (the shooting window I)
and the second is through the opening in the u’pper floor of the pit (the shooting window 11D,
as shown in Fig. 28. Two sets of photographic equipment systems are installed at these two
shooting windows. Figure 29 shows the 70 mm pulse data-camera installed at the shooting win-
dow L. The cocordinates of target markers on the cross section of a model, taken during the
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Fig. 29 70 mm pulse-data camera at the shooting window I

fiight, are digitized on a large screen digitizer (see Fig. 30) and are converted to real coordi-
nates, after making compensation for various sources of distortion using fiducial points on the
specimen box. These systems were originally developed for the Mark I centrifuge and all the op-
tical devices of the system were custom designed®’***) to increase the quality of the photo-
graphic images.

A T.V. monitoring system (see Fig. 31) is also installed to supplement the photographic sys-
tem at the shooting window I, which is quite powerful in real tiﬁle monitoring and quick play-
back although the quality of the images is not as good as the still photographs. The light
source for the still photograph is the same as the one used for the T.V. camera.




Fig. 30 Projector, digitizer and data processor Fig. 31 Photo system

The video system incorporates three CCD (Charged Couple Device} cameras on the cenirifuge
to monitor the model ground from various directions and also recorded the experiment. The
photographic signals are amplified on the centrifuge and transmitied through the slip rings to
the operation room, which contributes to the clear photo images without any noise through the
line. A color printer is also supplemented to the system which can capture the T.V. images at
any time and provide the hard copy of the model behavior.

4. Coneluding Remarks

This paper describes the summary of operation of the Mark I centrifuge and the development
of the Mark II centrifuge facilities.

Since the construction of the Mark I centrifuge in 1980, it had been employed extensively to
investigate not only on basic research topics but also on practical topics with close relation to
specific prototype. The results of these research projects have been applied and reflected to the
constructions of various port and harbor facilities, which has proved the importance and effec-
tiveness of the centrifuge model testing.

The new centrifuge, Mark II, has the same dimensions and capacity as the Mark I, however,
the control systems and safety systems have enormously improved to accommodate the 14
years’ operation and experiences into the new facilities. And also the data acqguisition system
was totally replaced by advanced systems for the Mark I centrifuge. The Mark II centrifuge is
believed o be one of the most effective and functional centrifuges in the world.

PHRI belongs to the Ministry of Transport which is responsible for the design and construc-
tion of port and airport facilities. Great demands exist to simulate not only ideal prototype-
scale structures but also the site specific prototypes. The challenging but fairly difficult field



of centrifuge application will be one of the major subjects of the PHRI Mark II centrifuge in
the near future. (Received on September 28, 1995)
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