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3. Development of PHRI Geotechnical Centrifuge
and its Application

Masaaki TErAsHI®

Synopsis

Model test of all the physical phenomena must be based upon the rational verifica—
tion of similarity conditions between a model and a prototype. Unfortunately, however,
gravitational force which cannot be modeled in a scaled model in earth's gravity is
dominant in the behavior of soils and foundations. The significance of model testing has
been very much limited. Use of geotechnical centrifuge in the model study reduces this
limitation.

A large scale centrifuge was installed in the Port & Harbour Research Institute
(PHRI), Ministry of Transport, for geotechnical studies in the March of 1980. Ancillary
equipments including various data acquisition system, photo-instrumentaiion system,
loading equipments, and etc. were completed in the following two years. This is the
largest centrifuge among eight geotechnical centrifuges existing in Japan. In the present
articlcle, outline of the similitude of geotechnical modeling, details of the PHRI centrifuge,
current research projects, and scope of the future studies are described.

* Chief of Soil Stabilization Laboratory, Soils Division
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Development of PHRI Geotechnical Centrifuge and its Application

1. Introduction

Japan is quite mountainous and consists of a number of small islands. Limited spaces
of plane lands in her coastal area were highly developed for many decades, which has
obliged Japan to reclaim the sea secking the site for industrial and public usage. This
situation will also be unchanged in the future. For large civil engineering projects such
as port ot airport constructions, possible sites tend to be in the deeper sea and sub-soil
conditions be more and more difficult than ever. An example for this is a project of a
new international airport just started in Osaka Bay. Feasibility study for the project is
suggesting that the site is at water depth of around 20 m and the soil condition is thick
alluvial clay underlain by multiple layers of clay and sand of diluvial age, which appear
alternatively up to 400 m from the sea bottom, according to the awvailable data. This
multiple layers of clay and sand are said to extend up to 1000 m or more. There an
artificial island whose final approximate size is 5 km by 3 km is scheduled to be
constructed within eight years. Major concerns there are naturally how to secure the
permanent stability of the revetment and how to reduce the residual settlement.

On the contrary to such a big project, in the comstruction or repovation of local
ports, the conventional design concept of structures free from maintenance has to be aban-
doned in some cases, because such a concept may lead to high construction cost and
budget allocation becomes difficult owing to the recent severe budget deficit. It means
that an alternative design concept of construction must be established which allows
relatively large residual settlement but reduces the initial construction cost considerably
with the expense of future maintenance works.

In either case, the design codes for port construction avajlable today must be reviewed
and renewed. Also the development of new construction techniques is required. These
are the task for the research group at the Port & Harbour Research Institute. Both ideas
of rew designs and new techniques which will come out must be verified by some means.
Sophisticated techniques of numerical and/or physical simulation of the behavior of earth
and structure are required. The PHRI geotechnical centrifuge has thus been planned and
facilitated in the Institute. Centrifuge itself has been installed in the March of 1980 and
surrounding facilities, e. g., electrical and photographic data acquisition systemn and
leading equipments, have been provided by 1982.

In the present article, outline of the similitude of geotechnical modeling, details of

the PHRI centrifuge, current research projects, and scope of the future studies are
described.

2. Significance of Centrifuge Modeling in Geotechnical Studies

2.1 Necessity of Modeling

Civil engineers are responsible for the safe and economical construction and satisfac-
tory performance of huge structures. To achieve this task, rigorous prediction of the
behavior of structure during its expected life must be carried out with sufficient accuracy
by means of theoretical, numerical, empirical, or experimental approach. In the actual
work, engineers choose suitable procedures of prediction among various alternatives
usually from the manual or codes of design. Ordinarily, these means are described in
the form of theoretical formula, tables or design diagrams. However, such procedures
are always hased on the simplified assumptions and hence are valid only within the
validity of the assumptions.

The simplified Bishop methed of slip circle analysis of slope stability, for example,
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is based mainly on the following assumptions; i. e. the soil in concern is assumed to be
rigid plastic material having the failure criterion of usually a Mohr-Coulomb type, and
the failure surface to be circular. These assumptions are undoubtedly insufficient in the
light of recent scil mechanics. Furthermore, the calculation ignores the fundamental
equilibrium of horizontal forces. FHowever, this technique is widely accepted for the
stability analysis as long as the slope in concern is composed of ordinary soil material
and the method is utilized with appropriate shear strength of the soil under a suitable
factor of safety. This is not because the method is entirely correct but because the
method is convenient for a routine design and the accuracy of the method is verified by
a number of unfortunate failures of the slopes. Therefore, when one wants to utilize a
certain design technique, he must have a clear understanding of the assumptions adopted
for the derivation of the technique and he must use the technique within the range of
its validity.

When one feels that the accuracy of an existing approach is insufficient but still
prefers to utilize the technique, he wants to adjust the calculation by some means. One
example is the prediction of consolidation settlement and the prediction of the time
required to reach a certain degree of consolidation. Terzaghi’s classic consolidation
theory is often utilized for that purpose. The necessary soil properties for the calculation
are obtained by the cedometer test, which is a scaled model test of consolidation pheno-
menon. But as is well known, the method is practical only when the settlement is small
and the structure in concern is thought to be one dimensional. Therefore, it is a routine
practice for a designer to adjust the caleulation by the observed settlement-time or pore
pressure-time relationship.  This is a typical example of full scale model test at the same
site using the very structure of concern, but this is one of the very rare examples where
he can conduct a full scale model testing.

‘When one encounters an entirely new problem, new siructure or familiar structure
but beyond the previous experiences, he must try to check the validity of the existing
technique by himself. In that case, the best way is to observe the behavior of the actual
structure and check the accuracy of the existing procedure or establish a new design
technique abstracting new assumptions from the observation of full scale structure.
However, the full scale test to observe the behavior of an actual structure is almost
always very costly, takes a long time, and sometimes is very dangerous. Furthermore,
it is almost impossible to carry out a parametric study and to check the reproducibility
of the test results. There the necessity of scaled modeling arises to replace full scale
observations.

2.2 Congideration on Similarity Condition

In order to predict the prototype hehavior correctly from the observation of model
behavior, similarity condition must be established for the model and the prototype. Simi-
larity condition is derived by one of the following ways.

i) List up all the physical quantities that characterize the phenomenon in concern.
Using Buckingham's theory, establish dimensionless aumbers as the product of above
physical quantities. Finally, equate the dimensionless numbers between the model
and the prototype to obtain the scaling factor for each quantity.

ii) List up the physical principles (or laws) that are considered to govern the pheno-
menon in concern. Derive dimensionless numbers from the principles and equate
them between the model and the prototype.

iii) Derive the dimensionless munbers from the differential equations that govern the
phenomenon and equate them between the model and the prototype, if the eguations
are known.

Among these procedures, i) is the most fundamental way leading to similarity.
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However, the selection of physical quantities is not always easy. Therefore, with increas-
ing knowledge on the phenomenon, ii) or iii) is preferred.

The importance of the similarity between the model and the prototype is well descri-
bed by Rocha (1957) and Roscoe (1967) as follows. Rocha considered the important
forces acting on a saturated soil element whose surface area is S and volume V. The
forces acting on the solid phase of the element is shown in Fig. 1 a) and those on the
fluid phase is shown in Fig. 1 b).

w{1-n)v
n : porosity of the soil
) Y - unit weight of fluid
v Ys - unit weight of solid
v i hydraulic gradient
gij > boundary stress
. u  pore water pressure at
g5 us ¢
! w{1-n)v nhv boundary surface
a) Solid phase b} Fluid phase

Fig. 1 Forces Acting on a Small Element of Soil

Then Rocha compared those forces between the model and the prototype where the
linear scale ratio is % (h=lengthp/lengthn). Hereafter, the subscripts # and #m refer to
the prototype and the model, respectively. He made two assumnptions ; one for the
material properties and the other for fhuid flow within the soil element. FEach material
has a similar unique stress-strain relation (Fig. 2) independent of time where Op/On=0x
and &p/en=f. Fluid flow is assumed to obey well known Darcy’s law g=~i, where g
is the volume of fluid flowing per unit time per unit area, % is the permeability and £
is the hydraulic gradient.

%%
‘ PROTOTYPE
_---~"MODEL
‘/,}/”
l’ }1
-
! .y
0 0 fm

Fig. 2 Stress Strain Relation of the Material

After some calculations, similarity conditions become as follows ;
W= 1lp (1>
O=Tea/Tem==T7 ra/ T tm (2>
— %G —
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a=h p 3
kol km=(h* B3/{a 1) (4)

where { is a scaling ratio for time; {={fp/tn.

The difficulty to satisfy all these similarity conditions for the ordinary soil mechanics
problems might be soon understood. The most important condition is the third one,
which restricts the experiment to be carried out under the condition of a=h practically.
The ordinary model scale is 1/50—1/100 and hence the strength of the model must be
very small. This difficulty will not arise only if the body force is insignificant in the
phenomenon of the soil in comparison with the boundary stresses. However, unfortu-
nately, this is not the case in the ordinary soil’s problem,

2.3 Similarity in Geotechnical Centrifuge Modeling

The difficalty in the modeling discussed in the previous section comes from the
evidence that one cannot change the unit weight of soil-like material dramatically as
long as both the model and the prototype are placed in the same gravitational field.
Considering that the unit weight 7 is a product of the density # and the acceleration a,
the equation (3) is rewritten as follows;

o= {Mp Gpf Mo Qm) B (5)

The gravitational acceleration on the earth ¢p is always unity. However, if one can
arbitrarily chaose the gravitational acceleration on the model @z, then the most difficult
restriction on the model testing will disappear. When the same material is used both in
the model and the prototype, @=1 and #Mp=mn and consequently @n=aph satisfies the
similarity condition.

The idea of applying centrifugal acceleration to medel testing was said to be origi-
nally proposed by French engineer Phillips in 1869. The idea was put into practice by
Bucky in 1931 in USA and by Pokrovsky and Davidenkov at around the same time in
USSR. Since then, centrifuge modeling seems to have been conducted continuously in
USSR (Yakovleva, 1985). However in the western world, there has been a very limited
number of studies carried out since that time. The recent geotechnical centrifuge study
has been injtiated in the middle of 1960's by Schofield in UK and Mikasa in Japan
(Avgherinos and Schofield, 1060, Mikasa et al., 1969).

The similarity for the centrifuge modeling has been well established by many workers
and summarized, for example, by Ovesen in his report on the state of the art {Ovesen,
1985). Generally in the centrifuge model test, centrifugal acceleration N times greater

Table 1 Scaling Relationships

Physical Quantity Prototype at1 gt Model at N g
Length 1 1/N
Acceleration 1 N
Mass 1 1
Force 1 1/N?
Stress ooy 1
Strain 1 @1
Displacement 1 : 1I/N
Time laminar flow 1 : 1/N?

inertia 1 /N
creep 1 1

— 80 —
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than the earth’s gravitational acceleration is applied to 1/N scaled model. Secaling rela-
tionships for various physical quantities are listed in Table 1, where the model material
is the same material as that of prototype.

As is already understood, the centrifuge modeling technique is far superior to the
scaled model test in the 1 g field. One can rely on the centrifuge model test results
not only qualitatively but also quantitatively. However, still one has to pay attention to
two contradictions ; one is the scaling ratio of soil grain size and the other is the diffe-
rent time scaling ratio for different events. When the same material is used in the model
and prototype, the scaling ratio for the grain size is unity. Therefore, in this regard,
one has to check the magnitude of distortion of the test results due to grain size or by
other source of distortion by changing the acceleration in simulating the same hypothetical
prototype, which is called modeling of the model. In the regard of time scale, one must
consider the most significant phenomenon in his model.

Ovesen (1985) states : [n modeling it is essentigl to recognize the following three
fundamentals :

—All significant influences should be modeled in similarity,

—All effects not modeled in similarity should be proven secondary by experimental
evidence, and

—Any unknown effect should be revealed or proven insignificant by means of the
test resulls.

3. PHRI Geotechnical Centrifuge

3.1 Determination of the Capacity

As is already described in the previous chapter, one can reproduce the prototype
stress condition by simply applying N g to 1/N scaled model. And the scaling relation-
ships for various physical quantities become those listed in the Table 1. However it doss
not mean that a centrifuge modeling under any arbitrary g level can always produce a
reliable model test results. One can probably rely on a very small model under very high
acceleration as long as one tries to model geometrically simple prototype behavior with
little influence of water migration. If one {ries to simulate a behavior in multiple layer-
ed ground or a behavior of pile foundation for example under 1000 g, a layer of one
meter thickness and a pile of one meter in diameter must be simulated by one millimeter
in the 1/1000 scaled model which is practically impossible. Modeling of an undrained
behavior under 1000 g is inpracticable, because one minute in the model becomes equi-
valent to 2 years in the prototype life. If one considers the instrumentation, even the
miniature transducer with the diameter of 5 mm hecomes as big as 5 m under 1000 g
and disturbs the model soil condition. Furthermore, transducers must endure such a
high acceleration.

Therefore, in the determination of the capacity of centrifuge, one has to understand
the influence of various specifications of the centrifuge to the modeling of prototype.

1) Effective radius of the centrifuge :

In the prototype, the acceleration field is practically parallel and the magnitude of
acceleration is practically uniform, while, in a centrifuged model ground the accelera-
tion field is radial and the magnitude is proportional to radius. Therefore, if the
eftective radius which is a radius of a point of major concern in the model ground
is small, variation of the acceleration within the model becomes large and the stress
field in the geometrically similar model should be distorted. Avgherinos and schofield
(1969) suggested that if the model height is kept less than one tenth of the radius,
the variation in acceleration will be less than + 5 %,
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2) Maximum payload and maximum acceleration :
The maximum payload naturally gives the upper limit to the total weight of the
model ground, strong box to contain the model, surrounding {equipment for simulat-
ing the construction procedure or external forces, and instrumentation ete. It means
that the maximum payload gives the restriction on the size of actual model. The
size of the model multiplied by the maximun acceleration gives one the idea of the
maximum extent of prototype which can be modeled in a particular centrifuge. This
is why the capacity of centrifuges are compared usually by the product of maximum
payload and maximum acceleration expressed in g-tons. However, as is already men-
tioned above, extremely high g gives one a lot of trouble in modeling the prototype.
Therefore, the longer the effective radius and the larger the maximum payload, the
better is the quality of models. At the same time, however, the cost for comstruction,
maintenance, and experiment increases exponentially with increasing scale of the centri-
fuge. Up to the present, the working acceleration from 50 g to somewhere around 100 -
150 g are preferred in the centrifuge world. Other specifications of the centrifuge may
be determined by the expected scale of prototype and of course by the available budget.

Based on these considerations, the effective radins of the PHRI centreiuge was
determined as around 3.5 m and the working acceleration as around 100 g. For the
prototype structure in port and harbor area, a reasomable soil area to be modeled is
consideted to be 150 m % 150 m in plan. Therefore, the minimum space of the swing-
ing platform required was 1.5 m X 1.5 m on which the specimen container should be
mounted. At this moment, PHRI centrifuge is the largest active geotechnical centrifuge
in Japan as shown in Table 2 and one of the largest in the world.

Table 2 Major Specifications of Geotechnical Centrifuges in Japan

. Public
Osaka City {Toltyo Inst. Works| Chuo Univ. [Toyo Const.] PHRI
Univ. of Tech. Res. Inst

Max. Effective
Radius (mm) 2, 560 1,250 1, 250 1, 180 2,200 3, 800
Mazx, A(cge)relatmn 200 150 360 270 250 115
Max. Payload

(kg) 200 250 130 150 300 2,710
Max, Capacity

(g~tons) 40 38 40 30 75 300

3.2 General Arrangements of the Centrifuge

The main part of the centrifuge is housed in the underground reinforced concrete pit
tor the safe operation. The inner size of the pit is 10.4 m in diameter and 4.2 m in
height. As the soft rock appears at the depth of 3.5 m at the site, the boitom of the
pit is buried in the soft rock.

Main part of the centrifuge weighs approximately 60 tons and whose diameter is 9.5m
(Fig. 3 & 4). Two swinging platforms are hinged to the rotating arm via the torsion
bar systems to safely deliver the radial force at high acceleration to the end plates at
both ends of the arm (Fig. 5 & 6).

The drive unit for the centrifuge (400 kW direct current motor) is mounted on the
upper floor of the pit (Fig. 7) and generates steady acceleration up to 115 g (115 times
as large as earth’s gravity) at the surface of the platform whose radius during flight is
3.8 m. Effective working radius for a model is around 3.5 m because specimen container

— 82 -
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Fig. 3 Photograph of PHRI Centrifuge

Table 3 Major Specifications of PHRI Centrifuge

Maximum acceleration (g) 115
Diameter of rotating arm {mm) g, 650
Maximum effective radius (mm) 3, 800
Maximum Number of rotation (rpm) 165
Space of swinging platform (mm) 1,600X1, 600
Maximum payload (kg) 2,710
Maximum capacity (g-tons) 300
Main motor (kW) 400
Electric slip ring (poles) 80
Rotary transformer (kVA) 5.2
Number of hydraulic joints 10
Total weight of the centrifuge (ti) 87

(strong box) is mounted on the platform.

Two dimensional plane strain test is usually carried out in the very strong box
which will not allow a change of strain perpendicular to the plane. And in such a test,
strong box with one transparent side is preferred for the convenience of the observation
of model behavior. In the case of ordinary centrifuge, the strong box lies on a horizon-
tal plane during flight with the transparent side faced upward {horizontal setting). Hence
the centrifugal component of acceleration in a model ground become radially outward.
When a strong box lies on the vertical plane during flight (vertical setting), transparent
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side faces toward the tangential direction of rotation.

— a4 —

The vertical setting of the speci-

Then centrifugal acceleration
becomes practically parallel in a model ground. With the PHRI centrifuge, horizontal or
vertical setting of a strong box is arbitrarily chosen.
men container became possible due to the sufficiently large space of the platform and
the capability of photo-instrumentation system for both horizontal and vertical settings.
For the vertical setting, photo-instrumentation and TV monitoring are carried out

(unit : mm)
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Fig. 6 Details of Torsion Bar System
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through the openings of the side wall of the pit.
The control of the centrifuge is carried out in the operation room. Conditions of all
the important components of the centrifuge, such as radial and thrust bearing of the-



Development of PHRI Geotechnical Centrifuge and its Application

‘main shaft (Fig. 8), electric currents, air conditioner, lubrication, and etc. are always
monitored and displayed on the control panel. Safety function is equipped to ring the
alarm in the case of trivial troubles and to stop the machine automatically in the case of
severe trouble.

Major specifications of the PHRI centrifuge is listed in the Table 3.

3.3 Ancillary Equipments.

Various tools and equipments to conduct the experimeni in the high g field are
available, such as loading devices for bearing capacity study, sand hopper for embankment

Real Time Observation

by 1TV Slipring
Electrical
; - Signal
Photo Instrumentation
System Controller ’ Transducers on model ground &

mechanical paris of centrifuge

Junction bhox | Junction box
Pulse Data AWS-304B AWS -3048

:I \\ g F_ilm Camera
1
i

from Systen Confroller

. Slipring
time
rpm % (80 poles)

cPy Strain
HP-9825A meter
Data Processor TDS-I100
Cariridge Transiator
Tape HP-I350A
Module |iModule ||Module

HP-1311 B! [HP- 13404 [HP-13404|

1
I
i
i

Displagement loci

Load

displ.

Fig, 9 Data Acquisition System
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construction, vane tester and cone penetrometer for measuting in-situ (in-flight) strengtly
of the model. In order to drive these equipments during flight, electricity (3¢ 200V,
26100V, DC 6—24 V) and hydravlic pressure are supplied to the platform through
rotary transformer and hydraulic joints equipped at the upper part of main shaft,

Measurement of phenomena in the model ground during flight is carried out by
various means, e. g., electrical measuring devices, photo-instrumentation as shown in
Fig. 9.

Electric signals obtained by various transducers and the signals to control the above
mentioned equipments are transmitted through a slip ring stack (80 poles) on the top of
the main shaft from the swinging platform to the operation room. The analog signals.
from transducers are measured and converted to digital signals by the strain meter,
inputten to a microcomputer, stored in the cartridge tape, and displayed on the CRT
after some calculations.

Although the electric transducers give the very precise information ot the phenome-
non, too much instrumentation on the small model disturb the model condition and should
be avoided. In the case of plane strain model tests, still photographs are very helpful in
obtaining rich information. A new photographic instrumentation system has been develop-
ed for the centrifuge. The system consists of two 70 mm format pulse data cameras
with 1000 ft film magazine, two high intensity short duration flash units, a sequence
control unit, a film projector, a screen digitizer and a data processor.

Photographs of a model ground are taken during flight through the transparent
window of the strong box (Fig. 10). Photographs can be obtained from two directions
which correspond to vertical or horizontal setting mentioned previously. The coordinates
of the targets on a model are then read and digitized on a large screen and compensated
for various sources of distortion using fiducial points on the strong box. To increase the
quality of photographic image, every optical part of the system is specially designed.
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With this system, the total accuracy of coordinates obtained by photograph is within ==
0.1 mm (Terashi, et al, 1983 a). Details of the photographic instrumentation system is
described in the appendix.

A TV monitoring system is also added to the system, which is quite powerful in real
time observation and quick playback although the image quality is inferior to the stiil
photograph. The same light source with that for still photograph is used for TV moni-
toring. The light flashes for 30 microseconds only intermittently when the flying object
passes in front of the camera. Therefore the TV camera is used with the aid of a frame
memory to obtain a continuous image.

4. Current Research Projects and Scope of the Future Studies

Model studies using geotechnical centrifuge can be divided into two categories. One
is the simulation of soil and structure in realistic scale to reveal unknown hehaviors or
to verify analytical or numerical estimation. The other is the direct simulation of the
prototype existing somewhere or to be built in a future. Centrifugal modeling is particu-
larly powerful in the former case, and the preceding research works carried out by the
different organizations mostly fall into this category., However our institute belongs to
the government and strong needs exist for the research to assist the design, construction
and maintenance of actual structures. Therefore, the simulation of the site specific
prototype is also required.

4.1 Behavior of the Improved Ground by DMM

As is mentioned in the introduction, we have to construct port facilities of increasing
scale on difficult soil conditions. It is absolutely necessary to improve the soft soils in
advance to the construction of the important structures. However, in some cases suffi-
cient improvement is not possible by the conventional soil improvement techniques such as
replacement or vertical drain method. The Deep Mixing Method (DMM), a kind of
deep in-situ admixture stabilization has been developed originally in the Port & Harbour
Research Institute to reinforce soft soils.

A DM machine is used to treat soft soils in-situ, which basically consists of several
mixing blades and stabilizer supplying system. By one operation of the machine it is
possible to manufacture a treated soil column whose cross sectional area ranging from
1.5 m® to 9.5 m?® and length up to 40 m depending on machine type. In most of the
soil improvement work for heavy structures, treated soil columns are overlapped to make
a continuous treated soil mass. Details of DMM have been reported by OQOkumura &
Terashi (1975), Terashi et al. (1979), Terashi & Tanaka (1981/1983), Kawasaki et al.
(1981/1983) and Terashi et al. (1983 b).

Treated Japanese marine clays by DMM have high unconfined compressive strength
of the order of 1 MN/m? small strain at failure of the order of 0.1 %, relatively low
tensile strength, and low permeability. However, strengths of treated soils have a large
deviation from its average value even if the manufacturing works were carried out with
best possible care. Therefore, a sufficiently high factor of safety is taken for the strength
of in-situ treated soils, which in turn results in extraordinary difference of engineering
characteristics between treated and untreated surrounding soft soils, Hence, treated soil
mass is considered to behave as a rigid structure buried in the soft ground.

In the current design procedure as shown in Fig. 11, external stability of the rigid
buried structure is examined first to determine the extent of improvement and then
internal stability of treated mass is examined by elastic analysis to keep the stresses
to he lower than allowable strength of treated soil.

The Deep Mixing Method was put into practice first in 1971 and has already been
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applied to improve soft foundation soils of several port facilities and of a number of light
weight or temporary structures. Net volume of improved soil by the method has already
exceeded six million cubie meters. However DMM is still a new technique in which
various problems are left to be studied. For example, boring technique to obtain an
undisturbed sample of stiff treated soils is still immature. A variety in DM machines
results in the difference of the quality of treated soils. These problems are indirectly
but closely related to the design of an improved ground.

Regarding the current design concept and procedure, much has been left to be studied
to increase the accuracy of estimation and to reduce the cost of improvement. Research
efforts by various organizations in Japan are concentrated to the point. At the same
time, a complicated three dimensional shape of improved soil mass has been conceived
of in order to minimize the volume of treated soil mass as shown in Fig. 12.

The author has started a series of research projects to reveal the behavior of the
improved ground. In the initial phase of the study, each mode of failure assumed in the
current design procedure is examined through pursuing the real behavior of stiff treated
soil mass in the untreated ground both by numerical and physieal simulation. The latter
is carried out by a large scale site experiment and a series of centrifuge modeling.

improved grou

A

Long walf— Short walt

Fig. 12 Improved Ground of Wall Type

(1) Extrusion Failure

A typical failure mode for wall type is an extrusion failure in which untreated soil
between the treated soil walls is squeezed out due to the unbalance of active and passive
earth pressures. A total of 11 model grounds have been prepared for the test series and
brought to failure by increasing the acceleration. Model ground is schematically shown
in Fig. 13, where the size of the wall Wi, W, and the undrained shear strength of the
clay Cu are varied for each test.

" Models were designed to restrict a mode of fajlure exclusively to extrusion. Deforma-
tion of the model ground with increasing g level was measured and shown in the Fig. 14
with the points of measurement. Heave of the soft clay in front of the improved ground
and settlement of the sand fill clearly show the existence of extrusion failure. Displacement
and gravity are plotted on log/log scale and the acceleration at clear bend in the curve
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is defined as the acceleration at failure g Using the still photographs taken during
flight, the coordinates of the targets on the surface of unireated soils between the treated
soil walls are measured and displacement loci are obtained as shown in Fig, 15. Seemingly,
displacement loci thus obtained are parts of arcs centered at the same point on the center
line of the improved ground. Shear sirains developed in seft soil between the walls are
calenlated also from the displacements of targets considering one square grid of target as
an isoparametric element (Fig. 16). The factor of safety is defined as a ratio of accelerar
tion at failure and that at certain stage, gr to & This strain distribution suggests that
the soft soil between the treated soil walls is squeezed out while keeping the original
shape. Based on these observations, authors assumed a simple cylindrical slip surface for
calculating the stability against extrusion. A kind of stability number Heg (=p grh/Cu)
obtained by the caleulation and that by the centrifuge tests are in good accordance as
shown in Fig. 17 (Terashi et al. 1983 b) where p grh denotes the backfill pressure at
failure.

—0 —
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(2) Boundary,Stresses of the Rigid Buried Structure

Both in the calculation of external and internal stability of a rigid buried structure,
rigorous determination of the stresses acting on the boundary of the buried structure is
important. A series of model tests has been carried out for the buried structure resting
on the reliable sandy layer and that floating in the soft clay. Study is still in progress
but a part of which has been submitted to 11 th ICSMFE and to 20th apnual JSSMFE
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Meeting (Terashi et al. 1985 a, Terashi et al. 1985 b).

These model tests have no specific prototype and the purpose of the study is to know
the interaction between soft soil and extraordinary stiff treated soil mass. Soft clay was
modeled by Kaolin and the treated soil by bakelite. Rigid structure of treated soil is
placed on a sand or on the pre-consolidated clay layer in the prescribed position in the
strong box. Kaolin remolded by a vacuum mixer at high water content is poured around
the buried structure and pre-consolidated on the laboratory floor under low pressare.
Then the strong box was mounted on the swinging platform of the centrifuge, and brought
into high acceleration field for self~weight comsolidation. After more than 20 hours
flight, normally consolidated clay ground improved by DMM is prepared. Centrifuge is
once stopped to manufacture gravel mound and to place a concrete caisson on top of the
mound. Acceleration is increased once again and backfilling is carried out by sand rain-
ing in flight by means of sand hopper. The measurement of the boundary stresses is
carried out by means of earth pressure transducers and pore water pressure transducers
embedded in the structure. Setup of the model ground is shown in Fig. 18.

— 95 —
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In Fig. 19, earth pressure change during backfilling is schematically shown for the
case where the rigid structure is resting on sand. When the fill height is increased
rapidly to the critical height {to sliding failure), the earth pressures reach to the active and
the passive states finally. It is the condition of external instability. However, if the fill
height is lower than the critical height which is the case for actual structure, the earth
pressure increment is affected by the factor of safety and rate of filling. When the
margin of safety is sufficiently large and if the rigid buried structure does not exhibit
displacement during filling, then the earth pressure is dependent only on the rate of
filling. In the case of rapid filling, the fill pressure is solely carried by the excess pore
water pressure, On the other hand, if the rate of filling is sufficiently low as to allow
the dissipation of excess pore water pressure, the horizontal pressure acting on the buried
structure is an earth pressure at rest under the fill. Real phenomenon will be somewhere
between these extremes and the design loads for internal stability analysis must be
determined taking this phenomenon into account. Pressure change is also influenced by
the stiffness of the soil underneath the buried structure.

Results of a series of model tests were consistent both qualitatively and quantitaively
with the above mentioned concept. Among a series of tests, two model test restlts
during rapid filling are selected for comparison (Fig. 20}.  The rigid structure is resting
on a stiff sand layer and js very much stable against external stability (Case A}, whereas
the structure is floating in the soft clay and is on the verge of sliding failure when the
prescribed fill is placed rapidly behind the caisson (Case B). In both cases, the pressure
sncrement acting on the structure from fill side increases rapidly with increasing fill
height and whose magnitude is equivalent to the fill pressure. Contrary to this similar
tendency in the pressure increase at fill side, the pressure increment in the opposite side
of the structure is much different in these two cases. FEarth pressure did not change in
Case A because almost no horizontal displacement occurred during backfilling, whereas
in Case B earth pressure approached to the passive state because sufficient displacement
was caused by the fill pressure. This difference in the force increment in horizontal
direction gives rise to a large difference in the distribution of the bottom reaction also.
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{3) Simulation of Large Scale Experiment

A full scale revetment was constructed on th improved ground and loaded by the

backfilling to failure.

This large-scale field experiment was carried out as a part of a

feasibility study for the new international airport construction in Osaka Bay by the Thira
District Port Construction Bureau with the cooperation of Port & Harbour Research
Institute. The experiment was aimed to investgate the internal stability of treated soil
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mass of wall type. The superstructure and soil improvement work (Fig. 21) were
designed by following the current design procedure. At the final stage of loading by
sand fill, the magnitude of induced stress was expected to cause local failure of treated
soil mass. But at the same time, the final loading was expected to cause sliding of supet-
structure which was a concrete caisson in this case. More than 300 sensors were
installed in the improved ground, and continuous measurement was carried out throughout
the experiment. Details of the test results were given by Yajima and Terashi (1984).
In short, the experiment ended with sliding of superstructure, and no evidence of local
failure of treated soil mass was observed. Horizontal displacement of the caisson, fill
height, tidal change and the calculated factor of safety against sliding of the superstruc-
ture were shown in the Fig. 22 for the period of two days approaching to failure.

To supplement the full scale experiment, a centrifuge model test was conducted at
the scale of 1/50. The displacement of model caisson with increasing g level is shown
in Fig. 23. Failure of the superstructure was at 50 g by sliding. Again in the model,
no evidence was found of the failure of treated soil mass, Even though this is a case of
simple failure mode, the potential use of centrifuge for modeling site-specific prototype is
evaluted.

(4) Bearing Capacity of A Row of Treated Soil Walls

The bearing capacity of a row of treated soil walls (Fig. 12) is a problem of bearing
capacity of deep rectangular foundations interfered each other. This problem has also
been tackled by centrifuge modeling but with the simple situation of the interference of
two closely spaced two dimensional footings on sand under concentric vertical loading at
first. And then in the next step, the problem is simplified to the interference of three
dimensional footings on sand also under concentric vertical loading (Terashi et al. 1985 ).
Figure 24 2) show the change of bearing capacity due to the interference of two footings.
The vertical axis of the figure is a bearing capacity of one of the two footings norma-
lized by the bearing capacity of single isolated footing. The horizontal axis shows the
spacing and width ratio of the two footings. Figure 24 b) shows the effect of interference
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for three dimensional footings. The vertical axis in the case shows the bearing capacity
of one footing.

Further studies are still under way to simulate the actual condtions of deep walls.
4.2 Bearing Capacity of Sandy Ground

The harbor area is almost always protected by breakwaters against incoming waves
to keep the calmness of internal water and to maintain the required basin depth. In most
cases in Japan, an upright breakwater of composite type is preferred which is usually
composed of concrete caisson and rubble mound (Fig. 25). Increase in the volume of
domestic and international trades necessitates the renovation and expansion of existing
port function and harbor area, which, in turn, results in the necessity of larger break-
waters at deeper sea than ever. DBreakwaters also function to reduce the energy of
earthquake~originated TSUNAMIs which have often attacked the coast line of northern
Japan. For that purpose, also, huge breakwaters are required at deeper sea. These new
breakwaters subjected to large horizontal forces and moments raise a new problem to be
solved.

"The superstructure is designed against the sliding, overturning and bearing capacity
at the upper surface of rubble mound. The external forces and bottom reaction acting on
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a superstructure in wave or seismic condition are considered as shown in Fig. 25. Rest-
riction on the bearing capacity posed by the available technical standard in Japan is
twofold. The first restriction is essentially a problem of the bearing capacity of two
layered soil composed of rubble mound and sandy soil subjected to eccentric and inclined
loading, The second restriction is on the toe pressure, P, of the superstructure at the surface
of rubble mound. By the current design procedure, the magnitude of p, is limited to be
lower than 50—60 tf/m® irrespective of the scale and shape of the superstructure. The
available technical standard mentioned above is a product of accumulated experiences of
Japanese port construction and rigorous civil engineering considerations, However, neither
case history nor theoretical background is given as the reason for the second restriction.
It might be the empirical restriction to reduce the excessive tilt and displacement of
superstructure by flattening the bottom reaction. In the recent design practice of large
scale breakwaters, however, it is found to be impossible tc obtain economical cross section
mainly due to the second restriction of the standard. In order to make a large-scale
breakwater feasible, urgent study is required to estimate the deformation and ultimate
bearing capacity of such a two layered ground under eccentric and inclined loading. This
problem was actually the first problem tackled by means of PHRI centrifuge. Therefore,
in the course of the study, various techniques and various equipments related to modeling
have been studied, developed, and put into practice; the multiple sieve method of sand
raining to prepare uniform sand layer of arbitrary chosen density, loading devices,
displacement transducers working at high g, and ete.

(1) Bearing Capacity of Conceniric and Eeccentric Loadings

The bearing capacity of shallow foundation is reduced considerably by load eccentri-
city. Widely accepted explanation for this phenomenon is based on a concept of effective
width B-2e proposed by Meyerhof (1953) where B is the width of actual footing and ¢
eccentricity. A number of research workers have tackled the same problem experimetally
and obtained the bearing capacity fairly in good accordance with Meyerhof's hypothesis.
At the very beginning of the study of the eccentric inclined loading on a two layered
ground, the author has chosen a simple problem of comparing concentric and eccentric
vertical loads on a uniform sandy layer.

A series of experiments has been carried out on dense Toyoura sand (D#=95+5 %).
Results of concentric loading are shown in Fig. 26. In the figure, the abscissa is the
generalized width of footing Bn multiplied by the density of sand and the ordinate is the
bearing capacity factor. In the experiments the actual footing width B was varied to
0.5, 1, 2, 3, or 4 cm under various accelerations # (g). The generalized footing width
is Bx#n. As shown in Fig. 26 N7 for the same Bn value is constant for the actual footing

— 100 —



Ny {2g/yBn}

Ey

Fccentricity Factor

Development of PHRI Geotechnical Centrifuge and its Application

800

600

400

200

0.8

06

0.4

0.2

0

Fig, 27

B (em)

> a O
boow

&

o)
LA
o e ——— &

0.3 0.4
¥ Bn (kgf /cm®} .

0.1 0.2 0.5

Fig. 26 Bearing Capacity Factor with Varying Bn

Authors’ Experiment
Lateral Displacement

o Fixed
O o Free
8 & Meyerhof

- B Prakash, Saron

O
& Eastwood
8
N
o 0 Purkayastho, Char

Ey=z{i1-2e/B)*

| | I l ]

0.1 0.2 03 04 0.5

e/B
Reduction of Bearing Capacity by the Load Eccentricity

e 101 -



Masaaki TERASHI

width B equal to or larger than 2 em. However, for the footing whose width is less
than 2 em, the bearing capacity was different due to grain size effect. This is a sort of
modeling of the model to check the grain size effect. Another finding from this figure is
the footing scale effect on the bearing capacity, which was suggested by de Beer (1967)
based on the ficld test data. As Yamaguchi et al. (1976/1977) have pointed out from
their centrifuge test results, the scale effect on the bearing capacity is clearly observed
irrespective of the actual footing width. The scale effect becomes negligibly small with
the increase of 7Bn if 7Bn exceeds 0.1.

Thus the test conditions for eccentric loading are determined as Dr=95+=5 %, B=4
cm, and N=56.25 g, which result in ¥B#=0.36. These conditions are decided to avoid
both the grain size effect and the scale effect on the eccentric loading test results.

The reduction of bearing capacity with the increase in eccentricity has been obtained
from a series of centrifuge tests as shown in Fig. 27. The reduction factor due to
eccentricity Er is defined as g./¢, where ¢. and ¢ are the bearing capacities for eccentric
and concetric loading respectively. Availeble test data by different authors and Meyerhof's
hypothesis Ey=(1—2¢/B)}? are also shown in the same figure.

Under the action of eccentric load, the rupture surface becomes one-sided. However
there is a contradiction between most of past workers and Jumikis (1956) regarding the
direction of the rupture surface. By a series of tests and elasto-plastic FEM, it was
concluded that the difference was due to the unexpected development of horizontal force
at the loading point which would not give large influence on the bearing value but would
change the rupture surface drastically (Kitazume, 1984). The best possible care must he
paid in the simplification of the loading condition of prototype and in the design of
loading device for model testing.

(2) Bearing Capacity of Two Layered Soil

Failure mode of the two layered soil as in the case of rubble mound underlain by a
sand layer may be roughly divided into two patterns. One is the failure mode where no
part of the slip surface passes through the underlying soil. The other is the failure mode
where a part of the slip surface passes through underlying layer and the bearing capacity
is stropgly influenced by the strength of the underlying layer. To see the change of
failure mode, a series of concentric vertical loading tests on the two layered seil is being
carried out as a part of preliminary study. The two layered soil in this case is composed
of dense upper layer and medium demse lower layer. Also the concentric vertical load-
ing test has been started for the trapezoidal soil by changing the distance of the footing
to the shoulder of the slope. The details of the test results will be reported elsewhere.

4.3 Behavior of Normally Consolidated Clay Ground

{1} Soil Reinforcement by Geotextile

Model tests to reveal the effect of geotextile reinforcement on the soft clay foundas
tion under the embankment load has been just started. Kaolin clay was pre-consolidated
on the laboratory floor by the small pressure and brought into the high g field for the
self-weight consolidasion. The normally consolidated clay having a thin surface layer of
over-consolidated clay is thus completed in the centrifuge. Then the embankment is
constructed during flight using sand hopper. Preliminary study included one embankment
loading test on unireated ground and two tests on the clay ground reinforced by unwoven
fabrics. Test on the untreated ground exhibited a shallow eireular {slip surface including
the toe of the embankment (Fig. 28 a)). Whereas the reinforced ground exhibited no
failure under the embankment much higher than that for untreated ground (Fig. 28 b)),
Comparison of the shear strain distributions of the untreated and the reinforced ground is
suggesting that the potential slip surface of the reinforced ground becomes much deeper
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than that of the untreated soil (Terashi and Kitazume, 1985).
(2) Light Weight Breakwater Directly Seats on the Clay

Usually a breakwater is designed to resist horizontal force by the base friction results
ing from the ‘own weight of a superstructure. When the foundation ground is soft clay,
soil improvement by replacement method and rubble mound construction precede the
placement of superstructure.

In the project of new Kumamoto Port where both the wave force and earthquake-
induced inertia force are small, a feasibility study of the application of a light weight
breakwater is currently carried out by the Fourth District Port Construction Bureau to
reduce the initial construction cost. In the case, the basic idea is to reduce the residual
settlement and to increase the safety of bearing capacity as well by reducing the weight
of the superstructure. However, in the caleulation of sliding of such a structure, only
the adhesion at the bottom of the structure is the source of resistance to horizontal force
if the bottom of the structure is flat. Full scale loading tests of two superstructure of
different bottom shape are scheduled toward the end of 1985. To supplement the full-
scale tests, a series of centrifuge tests to ohserve the deformation of the structure during
construction phase and a series of tests for bearing capacity of clay under eccentric
inclined loading are just started by the request of the Bureau.

4.4 Scope of the Future Studies

Other than the topics described above, modeling of pile or sheet pile structures is
also scheduled in a near future. All those static problems bave been and will be studied
in the Soils Division. The other topic is seismic modeling. Dynamic soils research group
in the Stroctures Division headed by Dr. Tsuchida has just started a preliminary trial
for liquefaction study using the PHRI centrifuge.

It is often mentioned by various authors that the modeling by centrifuge can reproduce
realistic stresses and hence quite useful in the verification of the theoretical consideration.
However, in the case where the simulation of the behavior of a particular prototype is
required, one may encounter difficulties in modeling the prototype within a small package
and preparing a complicated soil conditions. Fortunately, Port & Harbour Research
Tnstitate has close relationship with the Bureau of Ports and Harbours and the District
Port Construction Bureaus, Ministry of transport, and is in a good position to obtain
detailed data of the protatype behaviors. The soils group at the Institute can carry out
full scale tests at site as a part of its research project sometimes. The author believes
the comparison of full scale behavior and model test results will bring him important
information on the power and limitation of centrifuge modeling of the site-specific
prototype.

5. Concluding Remarks

The largest geotechnical centrifuge in Japan was developed at the Port and Harbour
TResearch Institute in 1980, Ancillary egquipmenis were developed in the following two
years. Sinze 1932 various raszarch projects were starte] using ths centrifuge

In the present article the author summarized the importance of the consideration of
similarity in model testing and the similarity conditions for the centrifuge modeling.
PHRI centrifuge and ancillary equipmsnts were described in detail together with the
centrifuge tests results to demonstrate the modeling techniques currently available for the
centrifuge. .

As described in the previous chapters, PHRI belongs to the Ministry of Transport
which is responsible for the design and construction of port and airport facilities. Great
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demands exist to simulate not only the ideal prototype-scale structures but also the sites
specific prototypes. This challenging but fairly difficult field of centrifuge application
will be one of the major subject of the PHRI centrifuge in a near future.

(Received on June 29, 1985)
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Appendix A : Photographic Instrumentation System

A, 1. Object and Its Condition for Photo-~instrumentation

(1) Outline of object

The object to be photographed (model ground) and requirements for instrumentation
are outlined in the following. For the large specimen container shown in Fig. A. 1, the
size of the transparent window is 400 mmX700 mm and is made of acrylic resin of 120mm
thick, Photographs of the model ground in the specimen container can be taken from two
positions of the pit; the one is the opening at the side wall of the concrete pit, the shoot

Fig. A. 17 Specimen Box with a Transparent Side

{1} Shoating window 1
(2} Shooting window 1l

(3] Underground circular
concrete pit

{4) Rotating arm
{5)  Swing~platform

(m

Pig. A. 2 Schematic View of Centrifuge

This appendix is a summary of the paper by Terashi et alv
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ing window I and the other is the opening at the upper floor of the pit, the shooting
window II as shown in Fig. A. 2. The shooting windows are also made of acrylic resin
of 50 mm thick. The distance between the camera and the object is 4500 mm for the
former and 2500 mm for the latter shooting window.

(2) Velocity of the object
The velocity of the object is calculated as follows;

vep @ (1)

where, » : speed of the object (m/s)
¥ :radius of the object (3.6—3.8m)
@ : angular velocity of centrifuge (radian/s)

Therefore, at the maximum rotation of 165 rpm the velocity of the object is 62—66 m/s.
(8) Sampling rate

In order to follow the changing behavior of the model ground, it is desirable to take
a sufficient number of photographs. The meaximum sampling rate is hence set to cover
the maximum rotation of centrifuge, 165 rpm. The camera is planned to be fixed to the
concrete pit as described above.

(4> Auzxiliary data recording

A number of still photographs are taken for a particular model test and should be
analyzed with other data obtained by electrical measuring devices. Therefore, an auxiliary
data superimposing device is required to correlate photographic data with other data. The
time (s}, rotational frequency (rpm), and consecutive frame number are selected data to
be superimposed on the photographic irmage.

A. 2. System Study for Data Aecquisition
A. 2.1 System Qutline

What the centrifugal modeling requires is a non-contact measuring device of the
displacement on the model ground during flight. There are two alternatives of optical
techniques to acquire data under the preseribed conditions, e. g., film or TV,

The TV system has the advantages of real time observation and quick playback with
the aid of video tape recording. But it also has the following disadvantages; poor resolv-
ing power, limited amount of image information and large image distortion when compared
with the still photography. If it is assumed that the TV system is introduced in the
present test condition, the object (400 mm X700 mm) must be measured by 525 scanning
lines of conventional TV. It means the minimum unit of accuracy is 0.76 mm on the
image and the accuracy may be further reduced due to various factors distorting the
image. Therefore, the film system is superior in {the case of precise measurement of
deformation and the TV system is superior in the real time observation.

There are also many alternatives in film system. The type of film is the major factor
determining the accuracy and amount of data in the film system. The type of film is
described by film size, film sensitivity, film base and resclving power. To record the
model behavior changing with the lapse of time, a roll filrn is most convenient. The film
size governs the data quality in the sense that a larger format film can record a large
amount of information in it. The amount of information of 70 mm film format (57 mmx
57 mm) is 42 times as large as that of 16 mm film format (10.3 mmX7.5 mm).

There are also many variations in the method of digitizing film image, e. g., precise
measurement using microscope, combination of projector and digitizer or automatic photo-
digitizer system using computer. Accuracy, efficiency and cost must be considered for
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particular purposes of the system.

Based on the consideration on each component described later, the system diagram as
shown in Fig. A. 3 was concluded suitable for the analysis of PHRI centrifuge. The
system consists of ;

1) system controller
ii} pulse data camera
iii) light source
iv) projector
v) digitizer
vi) data processor

As the object is flying by high speed, a short duration light source is necessary to fix
the object as a stationary image on the film. It is also necessary to detect the position
of the ohject to take photographs at constant positions. The system controller should,
therefore, detect the position of flying object and control the camera and light source by
electrical signals. The controller also has to generate numerical data to be superimposed
on the film. On these conditions, a combination of data camera and flash unit driven by
pulse signal is considered. The film image thus taken is read by a digitizer. The coor-
dinates obtained by the digitizer contain various errors that arise in the process of
transforming the ohject to the coordinates by the system. A data compensating process
iz introduced to the system by the aid of microcomputer.

O C (ii) pulse data
¢camern
(i} light source %

— LN
(N
\
(s)sys1em O film
_ controiler

(V1 digitizer {iV)projector
centrifuge ' l

{iii) light source /—|
Q {ii) puise data camero (Vi) datc processor

Fig. A, 3 System Diagram of Photo-instrumentation

A. 2.2 Requirements for Each Component

The ideal photography reproduces the ohject with complete fidelity, but actual photo-
graphy cannot do so because of various errors and limitations. In the following paragraphs
various factors causing errors and limitations are discussed for each component of the
photo-instrumentation system.

(1) Film

Film is the medium for recording the image focused om it by lens. The characteris-
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tics of the film that affect the quality of the measurement are;

a) resolving power

b) photo-sensitivity

¢} dimensional stability

d) film size

From the view point of quantity of measurement, film capacity should be considered

in addition to the above mentioned factors. Resolving power is the ability of the film to
record distinet images of small or contiguous objects. In general there is a relation

Table A, 1 Characteristics of Black and White Instrumentation Films®

Resolving Power e
. Color photo Applications &
Films Sensitivity | Sensitiviey | (OF T- O o | g enies
=1000:1)

RAR 2495 Ortho 320 100 CRT recording
(ESTAR-AH-Base)
RAR 2479 Extended 500 100 For outdoor and
(ESTAR-AH-Base) Red Pan artificial light
LINAGRAPH Extended 200 160 For cinetheodolite
SHELLBURST 2476 Red Pan photography of
(ESTAR-AH-Base) aerial objects
Pan 2484 Pan 800 63 For weak illumi-
(ESTAR-AH-Base) nation

Table A. 2 Dimensional Change Characteristics of Films®

Film Base
Characteristics
Triacetate Base ESTAR Base™
base thickness (mil) 5,25 4
typical emulsion type B & W B & W COLOR
gel/base ratio .09 0.08 0.21
DIRECTION OF TEST LENGTH WIDTH — —

humidity coeificient of linear

expansion (unprocessed) . 0055 . 0065 . 0018 0030
% per 1% RH

thermal coefficient of linear
expansion % per °C . 005 . 006 . 002 L 002

processing dimensional change
range

J¢ shrinkage —. 10 —. 03 —. 04
9% swell +. 04 +.03 +. 03
processing and aging shrinkage
(in size)
1 wk @50°C-20% RH .15 .20 .03 .06
1 yr @25°C-60% RH .30 .35 .03 .03

*ESTAR is Kodak’'s trade mark and made of polyester base,
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between resolving power and photo-sensitivity ; the higher the photo-sensitivity is, the
poorer the resolving power is. Resolving power and photo-sensitivity of roll films are
shown in Table A. 1. Photo-sensitivity must be high enough to obtain a stationary
image of the flying object.

A film changes its size with the change of temperature and humidity and also in the
course of processing. A film basically consists of the base from 0.1 mm {4 mil) to 0.13
mm {5 mil} thick and the emulsion layer from (.01 mm to (.03 mm thick coated on the
base. For the roll film, two types of material are used as the base; triacetate and
polyester. Table A. 2 shows that the dimensional stability of polyester is much higher
than triacetate®.

(2) Leuns

Lens is one of the most important factor in taking sharp photographs. Especially in
the case of photo-instrumentation, performance of the lens must be considered strictly as
follows ;

) low distortion -oeroerriio high fidelity
b) high resolving power-:--------- precise measurement
c)  fast lengerorrrrreimneeneen illumination

d) large format camera lens---to cope with large format film

Lens has five types of aberrations and there is no lens without these ones. An
adequate lens should be chosen in accordance with its purpose of application. General
classification of lenses are shown in Table A. 3%, Normal lenses (Type A) are not
adequate for precise measurement because the distortion in the range from — 2 /¢ to 1.5%¢
is considered to be negligible for these lenses”. The data of the lens considered for the
system are listed in Table A, 49. In the table, Apo-El Nikkor is chosen for the
camera at the shooting window I. For the camera at the shooting window II, Micro
Nikkor was considered at first, but the distortion and aperture ratio are not satisfactory
for the present instrumentation system. A new lens was {designed for the window II of
the present system (NAC lens).

Combined resolving power of the lens and film is estimated by Katz's equation™ as
follows ;

YR(DH=1/R(I+I/RD (2)
where R{f1), R(f), and R(I) denote the resolving powers of lens and film, of film
alone, and of lens alone, respectively, From Table A. 1 and A. 4, the combined resolving

Table A. 3 Classifications of Lenses?

Applications Compensated Compensating
Lens Type (Magnification) aberration condition
General Mainly Spherical Diffused light
Type A photographing aberration. Standard INF,
(inf. - 1 m) and wide angle
Type B Micro {(Macro) Spherical aberration Condensed and diffused light
¥P copy (1/20—1/5) and Astigmatism %10 magnification
T c Enlargement Spherical aberration Condensed light
ype (x10—x1) and Astigmatism x3 magnification
T D Plate making Distortion and Axial Diffused light
ype (x2—%1/2) chromatic aberration x1 magnification
T B Microscope Spherical aberration Pure condensed light
ype (%10-x1500) Fixed magnification
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Tahle A, 4 High—performance Lenses

Window I : Apo-EL | Window I : NAC Micro Nikkor
Nikkor f=300mm®% | lens f=150mm f=150mm%
Aperture ratio F, 5.6 4.0 5.6
Standard magnification x 10 % 1/13 x 1/10
Usable magnification x5~ 20 — about x1/80-1/5
Compensation of chromatic 380 - 700 400 - 700 400 — 650
aberration (om)
Distortion 0 02% 0.02% 0.1%
Resolving power (lines/mm) 80 100 150

power of Kodak Linagraph Shellburst 2476 and Apo-El Nikkor f=300 mun gives rise to
53.3 pair lines/mm. When shootiag magnification is set as M (5), minimum unit to bhe
measured by the combination is theoretically 1/{M (s) x2x53.3) mm.

(3) Camera body

The camera body is not only a black box but must function as follows ;
a) to feed the film in response to pulse signal,
b) to press the film on the focal plane flatly,
¢) to position the film and lens to prescribed position perfectly, and
d) to superimpose the auxiliary data on the film
The resolving power of lens is reduced by the out-of-focusing. The relation between

the resolving power of lens and the gap from focusing plane is expressed by the following
equation?.

x=F/aR (3

where, : gap from focal plane
: resolving power of lens
:iris ratio of lens
: coefficient of iris shape

a=] for rectangular iris

a=0.8 for round iris
When F=5.6, «=0.8 and R=80 of the lens for the window I are substituted intc eq.
(3), x is 0. 088, which means that resolving power of the lens would be secured if the
focusing were adjusted by the camera within 0. 088 mm. No adequate camera is available
for the purpose of the present system. A new pulse data camera with 70 mm film format
has thus been designed.

(4) Light source

Because the object is flying fast, there is no way to give exposure without using a
flash unit in order to avoid image blur. The relation between the exposure time and the
displacement of the flying object is;

o "y oy

D=v1 (4)

where [ is the displacement of the object, v is the velocity of the object, and ¢ is the
exposure time (flash duration). Even if the exposure time of 10 microseconds is given,
the displacement of the present object is around 0.7 mm at its maximum rotation. This
displacement of the object during the exposure time causes image blur and results in the
error in measurement. The magnitudes of the image blur on the photographs taken at
different sites {shooting window I and II) are different even if the object is flying by the
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same speed. When a photograph is taken from above {at the window II), the object
moves perpendicular to the optical axis and every point in the object draws an arc whose
lenght is calculated by eq. (4). In the case where a photogtaph is tsken from the
tangential direction (at the window I), the object moves along the optical axis with only
a sligt displacement visible in the radial direction. On the other hand, the inclination of
the object to the optical axis can be maintained constant in the case of photographs
taken from the window TI, but it inevitably changes in the case of photographs taken
from the window I. The effect of the inclination of the object to optical axis is discussed
later in detail.

At the window I, if the admissible inclination of the object is taken as 2’ (£17), the
flash duration can be 30 microseconds. The radial displacement of the abject during this
exposure time is of the order of only 107* mm. At the window II, the flash duration of
only & microseconds results in the displacement of the object of 0.4 mm. However, the
light intensity of flash is determined by discharging electricity from capacitor and the
time history of light intensity takes a shape of sharp rise and slow decay. By this effect,
the photographie image of a particular point to be measured is expected to have a core
and blur, or that is to say, an image of comet tail. This image may be measured more
precisely than the anticipated image which is a dim arc of 0.4 mm long. However, it is
difficult to define the error for the image of comet tail quantitatively,

(5) Film projector and digitizer

There are almost the same factors affecting the errors in projection as in taking the
photographs. In projection, following additional factors should be considered.

A large amount of heat radiates from the projection lamp and generates a heat
problem. Film expansion during digitizing must be avoided as long as possible. A cold
reflector, a cold mirror, a cold filter, and a cooling fan are introduced in the projector
and designed to restrain the temperature increase of the film within 5 degrees in Celsius.
Under this condition, the thermal expansion of ESTAR film is limited within 0.01 %.

The performance demanded for a projection lens is different from that fot a shooting
lens. The lens type C in Table 3 is suitable for projection. The lens with large aperture
ratio is not nacessary but the distortion should be strictly controlled. EL-Nikkor f=135
mm is selected for the projection lens whose specifications are:

EL Nikkor /=135 mm

aperture ratio 1 F 5.6
compensation of chromatic aberration : 380—700 (um)
distortion D +0.025 %
resolving power : 80 pair lines/mm

In the centrifugal model test, hundreds of small targets are placed on the surface of
model ground at the transparent side of the specimen container. Then the deformation of
the model ground is measured on a series of photographs as the displacements of these
targets from their initial positions. Therefore, photographic images of targets must be
digitized with high accuracy and at the same time with high fidelity. Initial arrangement
of the targets may be strongly disturbed and some of the targets may become invisible
with the lapse of time, because the model ground is usually brought to large deformation
or to failure. This makes it difficult to search and digitize the position of each target
automatically. Instead, manual digitizing with proper judgement of the operator is
chosen in the present system. The minimum measuring unit of human’s eye is said to
be 0.073 mm when the observation is done at the distance of distinct vision under the
condition that the minimum human's look angle is 1. It is no use applying digitizer
with higher resolving power than human's eye. Considering the combination of magnifi-
cation and the resolving power of digitizer, the Seiko D-Scan was chosen as suitable
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digitizer for the present system, whose major specifications are ;

a) digitizing method : method of absolute coordinating by electro-magnetic induction

b)  digitizing area 1,000 mmXx1, 300 mm

¢) resolving power : (.04 mm

d) total accuracy : within =+ (.15 mm

e) output : 16 bit binary

By the present system using 70 mm film and the digitizer, the total magnification of
the object to the projected image is calculated as follows;

M®=M()xM(®) (5)

Where M (), M (s) and M (p) are the total, shooting and projecting magnifications
respectively.

M{(s)y=1film image size/ohject size=57/740
M (p) =screen size/film image size=1300/57
Thus the total magnification of the present system becomes 1. 54

(6) Orthogonality to the optical axis

Other than the measuring capahility of each component, there still remains a factor
governing the accuracy of measurement, which is the orthogonality of film, object and
projected image to the optical axis. Orthogonality of the film to the optical axis in the
camera or in the projector is a problem of manufacturing. While, orthogonality of object
or digitizing screen (projected image) is a problem of the accuracy in positioning the
camera or projector and also a problem of detection of the position of the flying object.

Inclination of film plate to optical axis is genarally required to be less than 10’ for
ordinary 35 mm siill camera but limited to be less than 1/ for precise instrumentation.
Inclination of the object or projected image must be considered for the purpose of
particular system. Measuring error caused by inclination is estimated by the following
eguation.

a’'fa=1/(cos §—sin & Xtan @) {(6)

w [ holf view of angle

OX: opticol axis

g [ inclination of object,film, or screen
XA a

X&' a'

Ga:L

Fig. A. 4 Geometrical Model for Inclination
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Variables in the equation are shown in the geometrical model (Fig. A. 4). XA is the
proper position orthogonal to the optical axis and XA’ is the position inclined by the
angle §. When the position of an object is considered, lemgth ¢’ is the actual length on
the cohject but length ¢ is a measured one with error due to inclination. When the
projection is in concern, @ is accurate one and @ is the measured one. Table A. 5 shows
the magnitude of error due to anticipated inclination.

Table A. 5 Error Ratic of Each Positioning

Object Camera Projector Screen
F (mm) 300 300 150 135 135
@ (%) 5. 04 5.04 10.0 11. 4 11. 4
g 3 1 1 1 3
( 1 —_aﬁw) X100 0. 0077 0. 0026 Q. 0051 0. 0059 0. 017

{7 Estimation of total accuracy of the system without data compensation

As discussed above, the resolution of each component is selected to satisfy the
condition of precise measurement of a single target. Total accuracy of the length between
different points are considered for various factors affecting the image distortion as tabulated
in Table A. 6. As is described earlier, the image blur of the photographs taken from
the window II is not estimated quantitatively, and the total accuracy there is left blank.
Total accuracy for the window I .is estimated by the product of each factors and hence
it gives the maximum anticipated error of the system for the window L

(&) Data compensation

The anticipated maximum error for the measurement of length by the system is &

Table A, § Estimated Total Accuracy of the System Without Data Compensation

Window I Window I
Error Factors of photographing
distortion of shooting lens 0.028% 0.02%
thermal expansion of {ilm 0.01% 0.01%
humidity expansion of film 0.01% 0.01%
processing dimensional change of film 0.03% 0.03%
positioning of film 0. 003% 0, 005%
positioning of object . 0. 008% —_
Error factors of projecting
distortion of projection lens 0.025% 0. 025%
thermal expansion of film 0.01% 0.01%
humidity expansion of film 0.018% 0.018%
aging shrinkage of filn 0.039% 0.03%
positioning of film 0.006% 0. 006%
positioning of digitizer 0.017% 0.017%
accuracy of digitizer 0.015% 0.015%
Total Accuracy 0.20% —
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1. 60 mm for the diagonal length on the chject (0.2 % of 806 mm). This magnitude of
error is too large for the analysis of centrifugal model test. Consequently, data compen-
sation process with the aid of fiducial points are necessary to correct the deformed images
Fiducial points must be those points whose exact coordinates are known and which do
not deform during the test. Wkhen fiducial points are placed to cover all the area to be
photographed, various types of distortion, linear and nonlinear, which result in the error
of measured coordinates may be compensated. Compensation functions of at most the
third order are programmed to correct the measured coordinates of the targets ;

X=apta X +aY +a:XY +a,X?+asY *+as XV + @ X T+ ae X +a,)®
Ymbg'&'bix‘l‘bglf'i'baXY+b4Xz+b5Y2+bﬁlef‘l'b?XYa‘i'bsX“'I‘ngn

In order to determine the coefficient of cubic equation, @, to @y and b, to b,, 10
fiduciai points of the known cocrdinates are necessary. To increase the accuracy of
compensation, it is better to place more than 10 fiducials and to determine the coefficient
by the least square method.

Sy= T X, — (@t @ X A e 2,V )} =min.
Svm B (Y em (ot DX abossovvsssseness by )} =min.

(77

(8

where £ is the number of fiducial points. Coefficients which satisfy eq. (8) are obtained
by solving the following equations ;

38‘1'/8533-:(}, aSy/abiﬂO (9)
where 7 is Q to 9.
A, 3. Specification of the Photo-instrumentation System for PHRI Centrifuge

Based on the requirements on the accuracy of the measurement, the system is designed
and each component is specially manufaciured or purchased. Major specifications of the
system are described in the {ollowing paragraphs.

A, 3. 1 System Controller

The controller mainly has four functions ; a) detection of the position of flying object,

b) sequence control of the camera and flash unit, c) drive control of the pulse data

camera, d) superimposing of the auxiliary data. The systemn controller is shown in the
right hand side of Fig. A. 5.

a) Detector of the position of object;

As the object must be taken pho-
tographs at the prescribed position
where the object becomes orthogonal
to the optical axis of the camera
fixed to the concrete pit. The mag-
netic sensor is put on the main
shaft of centrifuge.

b) Sequential control ;

Basically the pulse signal obtained
by the detector is utilized to trigger
the camera and flash unit.
¢) Drive control of the data camersa;

Camera selection modes are provided for the modes of camera I, camera II and camera
I & I, and photographing interval modes are available for manual photographing and

% |

Fig. A, 5 System Controller
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automatic photographing of 1 frame per round to 1 frame per 100 rounds.
- d) Superimposing of the auxiliary data;

The elapsed time since the beginning of test (s), rotational frequency of the centrifuge
(rpm), and consecutive number of the photographs are displayed on the control board
for each camera and are superimposed on the photographs. These auxiliary data are
also transmitted to the computer if necessary.

A, 3. 2 Pulse Data Camera

The specifications of the pulse data camera (Fig. A. 6) designed for the system is;
a) drive mechanism > pulse drive
b) film speed : 3 frames/sec maximun
¢} film and its capacity : 70 mm film Type I
1000 fr (1200 ft with ESTAR)

d)} aperture size : 57 mm X 57 mm
e) shooting lens 1 f=300mm, F 5.6 for the window I
F=150mm, F 4.0 for the window Il
f) data box : frame number, 4 digits LED
time, 6 digits LED
tpm, 4 digits LED
£g) f{film flathness : less than (.02 mm over whole plate is maintained with

the aid of vacuum absorption

L) film orthogonality
to the optical axis : within 1’

The drive mechanism of the camera
for the film movement consists of a
main motor, reduction gears and a
clutch & break assembly. The film
feeding mechanism consists of a maga-
zine, sprockets, a temsion roller, a
vacuum pump and a vacuum plate
which feed the film for one frame per
one trigger signal from the system
controller. Three sprockets, supply,
take-up and pull~-down are used and
a maliese cross mechanism is selected
for pulldown sprocket to advance the
¥ig. A. 6 70 mm Pulse Data Camera film. For the auxiliary data, LED
number display units, a circuit board,
and superimposing optics are equipped to the camera. The superimposing optics consists
of a mirror, shooting lens and two prisms. As the exposure time is essentially controlled
by the flash duration, the mechanical shutter is supplied just for protecting the film
from the unexpected exposure.

A, 3. 3 Light Source

The specifications of the light source are;
flash unit for window I flash unit for window II

a) quantity of flash bulb 2 2
b)) Guide Number (ASA 100) 42 18
¢) f{lash duration (microsec) 30 6
d) trigger delay (microsec) 9 9
e) flash frequency (Hz) 3 3
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Fig. A. 7 Drive Mechanism of Pulse Data Camera

The Guide Number in the above specifications is the coefficient of exposure by the
electronic flash bulb. The Guide Number (G. N.} is determined by the relation; G. N.=
LXF, where L is the distance between the light source and the object and F' is the
aperture ratio of lens. Luminous energy required for the light source corresponding to
the above mentioned Guide Number is determined under the conditions of a) distance
between the light source and the object, b) lens aperture ratio, c) film sensitivity, and
d) transmission factor of acrylic resin of the windows. As the light ray must penetrate
through three acrylic resin plates until it reaches to the film, the intensity of the light is

decreased to 25 % by penetrating them four times; flash window- transparent window
of specimen container:---- transparent window of specimen container (return) ------ shooting
window.

A. 3. 4 Projector

The specifications of the projector originaily designed for the present system are;

a) film feeding mode 1 1-10 frames auto-step forward and reverse
1) light control : available
¢} film flatness 14+ 0.013 mm (with the use of aperture glass plate and

vacuum absorption)
d) temperature increase : within 5 degrees Celsius at all time
e} large reflecting mirror : radius of curvature, 1000 m

A. 3. 5 Digitizer

The Seiko D-SCAN was chosen for the system whose specifications are already des-
eribed in A, 2. 2 (5.

A. 3 6 Data Processor

Recording and compensation of the measured data on the digitizing board are carried
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out by the data processor consisting of
a) microcomputer (HP 9825 T), h)
plotter/printer (HP 7245B), and «¢)
interface (98034 A HP-IB). The pro-
jector, digitizer and data processor are
shown in Fig. A. 8

A. 4 Total Evaluation Test

A total evaluation test of the
photo-instrumentation  systemn has
been done for the photographs taken at
the window I using a test chart as an
object. ‘The test chart with 39 marks
whose coordinates are already measured
at the accuracy of 0. 001 mm is actually
put in the specimen box and is rotated
up to 165 rpm. photographs are taken
during flight under the same condition
as the actual testing and projected
onto the digitizing board to he read
out. The data from the digitizer swere
transmitted to the microcomputer and
compensated by eq. (7). Table A. 7
shows the test data where the numbers
1 to 39 denote the known marks on
the test chart. In the evaluation test, the points numbered from 1 to 13 are assumed to
be the fiducial points and the points numbered from 14 to 39 to be points with unknown
coordinates. In the table, the exact coordinates of each point are shown in the column
“on object’”’, the measured coordinates of the each point on the digitizing board is shown
in the column ‘‘observed’’ and the compensated coordinates of the each point is shown
in the column ‘“‘corrected”. Error in the measurement of the coordinates of each point
is shown in the column “‘difference’.

From the evaluation test result, it is proved that the present photographic instrumen-
tation system can measure any point on the object with the accuracy of the length less
than % 0.1 mm.

Fig. A. 8 Projector, Digitizer and
BData Processor
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Table A. 7 Processed Data

(units in mm)

No (on object) (observed)
: X: Y : Y.

1 0. OOOE 0. 000 351. 200 164. 360,

2 300. OOBE —-0. 013 792, 960 203. 600

3 595, 016G, 0.002  1227. 040, 243, 040

4 148, 993 119. 992 556, 320 360. 280

5 449, 994 120. 003 998, 200 400. 240 ;

6 —Q. 003 180. 029 327, 520, 429, 280 '

7 300. 000, 180. 025 769. 600 468. 640E :

8 585, 001 180. 022 1204, 560 508. 240, ;

9 149. 986 300. 000 532. 680, 625. 640, }

10 449.990)  300.001)  975.1600  665. 680 ‘

11 —0. 006 259. 992 303. 560 £94. 120,

12 298, 991 350. 998 746. D{)[)E 734, 480,

13 594. 978 360,004 1181, 6805 T74. 160, H

No. (on ohbject) (observed) {corrected) {difference)
' X Y : X Y: : Y: X Y

14 75. 000 —0.003 461, 689, 174, OSOE 74,973 0. 003 0. 027; —0. 006
15 224. 996 0.018 682. 320 193. 680 224. 822 0. 054 0,174 —{, 072
16 375, 006 0, 007 903. 240! 213. 520 374,925 0. 048 0. 081 —-0.042
17 525. 011 0. 001 1123. 880 233. 520 524. 872 —0. 052 0.139 0 053
13 ~-0. 003 60. 085 343. 080 252. 760 -0, 070 60. 121 0. 067 —(. 036
19 149. 996 60. 410 564. 200, 272. 08 150, 003 59,993 —0. 007 0.017
20 300. 002 G0, 017 785. 120 221, 840, 300. 009 60. 013 0. 007 0.004
21 450. 009 60. 024;  1005. 380 311, 920! 449, 939 60. 074 0. 070, —0. 050
22 595. 009 60. 016;  1219. 520, 33L. 480; 595. 029 601 029 —0.020 -Q, 010
23 75. 002 118 990, 445, 720, 350. 600 74.972 120. 018 (. 030 —-0.028
24 224,993 119. 993 666. 760 370. 2401 224, 981 119. 987 {.012 O (06
25 374. 992 120, 002 887. 880 390. 2001 375. 066 120. 023 —{. 074 -, 021
26 525, 001 120. 005 1108. 880 410. 440‘ 525. 064 120. 088 —(. 063 —0. 083
27 149, 985 180. 011 548, 440 448, 8401 150, 030 180. 058 -0, 044 0, 047
28 449, 999 180, 032 990. 680 488. 1580‘E 450. 046 180, 020, —0. 047 0. 012
29 74. 989 240. 006 430. 129 527. 320 75,104 240, 032 -0, 116 -0, 026
30 224,994 239, 983] 651. 000 8547, 200i 224, 928 240. 061 0. 066 —0.073
31 374,991 240 002 872. 480 567, 120i 375,114 239. 992 -0, 123E 0.010
32 524, 892 239,997 1093. 560, 587. 40(}i 524. 983 240. 079 0. 009 —0. 082
33 0. 002 300. 007 311. 520 605. 840I 0.018 300. 057 —0. 020 —0. 050
34 299, 290 299, 991 753. 920 645. 430 300. 605 259, 858 -0. 015 0.133
35 594, 088 300. 025 1189. 320 685. 480 594. 994 300. G648 ~0. 006 0. 023
36 74. 991 359, 979 414, 120 704, 320! 74.986 360, 044! 0. 005 -0, 065
a7 224. 986 359, 987 635. 320 724, 360‘ 224, 964 360. 022 0. 022 —0.035
38 374. 985 360. 027 856, 760 744, 480‘ 375. 017 360. Q07 -0, 032 (. 020
39 524, 985 360. 011 1078, 200 764. 840E 524. 968 360. 098 0. 017 —. 087
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