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Introduction 

c entrifuge model testing was pioneered in USSR (Pokvovsky and Fyo-
dorov, 1936). Japan, U.K. and U.S.A. are the first to follow the USSR 

example. The centrifuge facility has now been established in many coun
tries. The need and utility of centrifuge are being realised by a number 
of research groups and the contributions on centrifuge testing have been 
increasing steadily since 1969. The Cambridge University research group 
has made a significant contribution on the subject (Schofield, 1980). 
Realising the significance of centrifuge testing technique, the University of 
California is setting up a large Geotechnical Centrifuge testing facility. 
In spite of these developments, the centrifuge model testing has not so far 
received the attention of research workers in India. In what follows, the 
basic principles of centrifuge model testing are briefly described and the 
need for a centrifuge testing facility in India is brought out. 

Conventional Model Testing 

Model testing in Civil Engineering and particularly in Geotechnical 
Engineering has been accepted as a means of inv~stigating the behaviour of 
foundation structures. The aim of the model testmg can be one or more of 
the following: 

(a) to study the failure mechanism, 

(b) to study the influence of various parameters governing the beha
viour, 

(c) to verify the predictions of analytical and numerical solutions, and 

(d) to predict the prototype behaviour. 

In model tests, a scale model of the prototype is prepared and tested in 
an environment as close to the prototype as possible. If the results of such 
model tests are to serve any of the objectives stated above, complete 
similarity between the model and the prototype should be established by 
means of dimensional analysis. Usually, it is not feasible to impose complete 
similarity in a model test and certain aspects which might have secondary 
inlluence_are allo~ed to deviate. However, the experimenter should prove 
from ava1lable evidence that such departures have insignificant influence on 
the behaviour. 
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Unfortunately, in spite of the fact that most of our research is based on 
model tests, hardly any experimenter attempts to do the above exercise. It 
is then little surprise that research findings based on model tests hardly 
find a place in design practice. 

The violation of similarity requirements in the conventional model 
tests and its consequences on the end results can be demonstrated by some 
examples. 

Stability of Clay Slopes : 

The stability of a saturated clay slope or a cut is represented by the 
non-dimensional stability number, S defined as. 

where. 

Cu S = --yH 

y = the unit weight of soil, 

Cu = undrained cohesion, and 

H = height of the slope or cut. 

... (1) 

When an embankment is modelled in the ratio of l : N and made of 
same soil as that of the prototype, the stability number for the model slope 
does not remain the same as for the prototype, but is increased by N 
times i.e., 

Sm Cu 
yH/N 

... (2) 

Therefore, if failure is just to occur in the prototype, it will not occur in 
the model. This is due to the fact that the forces due to the self-weight of 
the soil which constitute the actuating forces are not simulated in the 
model whereas the strength remains the same as that in the prototype. 

Load Settlement Behaviour of Footings : 

The factors affecting the load-settlemenl behaviour of a footing resting 
on the surface of a dry sand bed are : 

y = the unit weight of sand, 

D - diameter of the footing, 

e - void ratio of the sand, 

</> - angle of internal friction of sand grains, 

a3 - insitu confining stress which is proportional to insitu 
vertical stress in normally loaded sand deposits, 

q = load intensity, and 

d = diameter of soil grains. 
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According to the principles of dimensional analysis, the load-settlement 
behaviour can be expressed as a function of four independent dimen
sionless products as follows : 

,;,( ,l. q .E....) L·,e, '+', YD' .D ... (3) 

In order to obtain complete similarity, the above four independent 
dimensionless parameters should have the same value both in the model 
and prototype. In conventional model tests, the footing is modelled to 
scale 1 : N and the tests are conducted on a sand deposit which has the 
same values of e.tf,.y and d as of the field sand deposit. This results in 
similarity not being satisfied with respect to insitu stress conditions and 
grain size/diameter ratio (Table I). 

St 
No. 

2 

3 

4 

TABLE 1 

Comparison of Prototype and Model Conditions (After Ovesen, 1980) 

Prototype Conventional Model Centrifugal Model 
Scale 1 : 1 Scale 1 : N Scale 1 : N 
Gravity: g Gravity: g Gravity : N.g 

2 3 4 

e e similar e similar 

ef, rp similar rf, similar 

q 
y/itN Not similar q . ·1 

yD NyDIN s1m1 ar 

d d N . ·1 d . ·1 
D DIN ot s1m1 ar DIN not s1m1 ar 

Fig. 1 shows the vertical stress distribution under a footing and a scale 
model subjected to same stress intensity (Mikasa and Takeda,_ 1973). 
Fig. I. (a) shows the vertical stress distribution beneath a footmg 5 m 
wide. The dotted horizontal lines show the vertical stress due to the self
weight of the insitu soil and the curved dotted lines give the vertical stress 
due to the applied load. The solid lines give the co_mbined ver~ic3:I st~ess 
distribution. Fig. 1 (b) shows the combined vertical stress d1stnbution 
below a model footing of I m wide. A comparison of vertical stresses at 
corresponding points in the footing and model reveal that the stresses are 
not similar. The consequence of such violation of stress similarity can be 
see_n from the result~ presented by De Beer (1965) as shown in Fig. 2. 
This shows the relation between Pu/YD and D(whcre Pu = ultimate bearing 
capacity) as obtained from tests conducted by model plates on the surface 
of I?repar:ed d;y sa!ld beds. The results show that the Pu/y D ratio ( or Ny) 
vanes with t;1e_ s1z? of model whereas, for a sand of given physical and 
strength properties, 1t shoul_d remain constant irrespective of footing size. 

It is also found that the settlement vs width relationship observed in 
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FIGURE 1 Similarity of the Vertical Stress Distribution in the Ground under a 
Strip Load. (After Misaka and Takeda, 1973) 
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case of small scale model tests is not in agreement with that observed in 
t~e case of_ large_ footings (Fig. 3). It can be seen from Fig. 3 that for a 
given load mt~ns1ty, the settlement decrease with width in the ·case of 
model . of footmgs upto 30 cm in size and increases with width in the case 
of footmgs larger than 30 cm. 
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FIGURE 3 Relation Between Settlement and Loaded Area of Sand. (After Koegler, 1933) 

Thus, the consequences of violation of stress similarity .in model tests 
are quite severe and the results of such model tests can lead to misleading 
conclusions. Centrifuge model testing helps to achieve stress similarity and 
serves the purpose of model testing well. 

Basic Principles of Centrifuge Testing 

Simulation of Stresses 

An element of soil mass in a prototype structure is acted upon by the 
earth's gravitational fi.eld and the soil mass exerts an inertial force called 
body weight. If a unit volume of soil mass is considered, the force exerted 
is equal to the unit weight of the soil. In centrifuge testing, the soil 
model is placed at the tip of a rotating arm of radius R. When the arm 
rotates at a speed V, the soil model is subjected to a radial acceleration 
given by Eq. 4. 

where, 

a = 
v2 
Ji (2rm) 2R or Ng 

n = revolution per second, and 

N = (21rn)2 Rf g. 

... (4) 

As the soil model is held at a fixed radius R, a unit volume of soil mass 
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exerts an inertia force equal to N times the unit weight of the soil, i.e. Ny. 
For example, in an earth dam shown in Fig. 4, the vertical stress at a point 
within the dam is given by, 

where, HP = height of soil column above the point. 

Jf the dam is modelled geometrically to a scale of I in N, prepared of 
the same soil as of the prototype and placed in a centrifuge and allowed to 
rotate at a velocity such that the radial acceleration is equal to Ng, then 
the stress at the corresponding point in the model is given by, 

... (5) 

Thus, the vertical stress due to the body weight of the soil mass is repro
duced in the model at all points as it exists at every corresponding point 
in the prototype. Therefore, the fundamental action of a centrifuge is 
to increase the bulk densities of the model materials so that the stress 
levels in model and prototype are equal at corresponding points. 

Referring back to the example of a clay slope cited earlier, if the earth 
slope is modelled in the ratio of 1 : N and placed in an acceleration field 
of Ng in a centrifuge the stability number of both the prototype and model 
slopes remain the same i.e. , 

S __ Cu I _ Cu I 
- yH prototype - NyH/N model 

... (6) 

Therefore, if failure is just to occur in the field, it will occur in the model 
also. 

Similarly, a footing modelled and placed in a centrifuge will satisfy 
the stress similarity as shown in column 4 of Table 1. Ovesen (1980) has 
reported that the results of small model tests in centrifuge indicate that 
the values of bearing capacity factor, Ny remain constant with width 
(Fig. 2) which is in confirmity with Terzaghi's theory on bearing capacity. 

PROTOTrPe 

Sc 011 · 1 N N9 

FIGURE 4 Stress Similarity in an Earth Dam Model. 
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Simualtion of Consolidation Process 

Another advantage in a centrifuge is that events involving consolidation 
can be simulated exactly and the process of consolidation which might 
take place for years in a prototype structure can be brought about at a 
very short period. When a geometrically similar model is formed from the 
actual prototype material, the permeability distribution in model and 
prototype will be identical. If the imposed water levels are modelled in the 
same way as the structure dimensions, the steady state pore pressures at 
corresponding points will be equal in the same way as are the total stresses. 
The dissipation of excess pore pressures due to the imposed loads is 
treated as a primary consolidation process and is governed by the Eq. 7, 

T, _ Cvt 
V - H2 

in which 

cv = coefficient of consolidation, 

T =, time factor, 

t = time, and 

H = length of drainage path. 

.. . (7) 

If the model is prepared of the same material as of the prototype such that 
cv corresponds at all points, geometricallr ~imila_r ex~ess por~ pressure 
distributions in the model and prototype d1ss1pate 1dent1cally. 1 he degree 
of dissipation is governed by Tv and the time scale dissipation process is 
given by, 

tm 
H2 

m .. . (8) 
Ip H2 N2 

p 

The subscripts p and m refer to prototype and model respectively. Accor
ding to Eq. (8), a test performed in a centrifuge at an acceleratio_n of 100 g 
for a period of 53 minutes would model-a year of prototype tune. The 
centrifuge model test can therefore be used to study problems of long term 
stability and deformation. 

Description of ~entrifuge Set-up 

The centrifuge set-up (Fig.5) consists of a rotating arm driven by an 
electric motor. The model is prepared in a basket and attached to one end 
of the rotating a rm. A dummy basket is attached to the other end 
of the rotating arm to counter-balance the weight of the model 
basket. A schematic view of a small com bridge MK II centrifuge is shown 
in Fig. 5 and a modern Soviet centrifuge is shown in Fig. 6. A list of 
centrifuge machines in operation is given in Table 2. 

The models can be loaded when the model basket is in flight using 
appropriate techniques. The loading technique needs to be developed for 
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FIGURES Centrifuge set-up (After Avgherinos and Schofield, 1969) 

Electric motor 

. . -------------· 

FIGURE 6 A Soviet Centrifuge (After Schofield, 1978) 

each problem. Loading techniques adopted in solving a variety of prob
lems have been described in the literature (Scott, 1978 ; Arulanandan, 
et. al. , 1982; Hoadley, et. al., 1981, Ovesen, 1975 ; Schofield, 1980 and 
1981) and some of these are discussed elsewhere in the paper. 

The behaviour of the model during the run can be monitored by using 
closed circuit TV, displacement transducers such as LVDT, strain gauges, 
piezometers etc. 

Applications of Centrifuge Testing 

The centrifuge model testing can be used to solve a variety of geotechni
cal engineering problems. The problems which have been tackled success-
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TABLE 2 

Geoteclmlcal Centrifuge Machines 

SI. Dimensions and 
Location capacity of model Radius N 

No. package 

1. Gosstroy, Moscow 0.9 x0.5X0.4m 270 
0.2 T (model) 

2. Moscow Institute of 0.9x0.5x 0.4 m 320 
Railway Engineers 0.2 T (model) 

3. Moscow Hydro-project 0.9x0.5x0.4 m 320 
0.2 T (model) 

4. University of Manchester. 0.7 x 0.7x 0.4 m BO 
Institute of Science and 0.5 m (model) 
Technology 

5. Kier J.4x0.75 x 0.5 m 320 
0.55 m tmodel) 

6. Cambridge University, U.K. 0.8x0.8 x 1.5 m (M) 4.0 m 150 
I.Ox I.Ox 1.5 m (P) 
0. 7T (M), 1.3 T(P) 

7. University of Manchester 2. X 1 X 0.6 m (M) 140 
Simon Engg. Lab. 2.2x t.2 x 0.6 m (P) 

20T(M), 5.3 T(P) 

8. Danish Engg. Academy (i).53 m dia, 0.36 m deep 2.25m 80 
Denmark (ii).14 m dia. 0.11 mm deep 0.72m 

9. Osaka city .50x .30 X .10 m 1.0 m 200 
University, Osaka, 61 kg+ 29 kg=90 kg 
Japan (box) + sample 

10. California Institute of .45X .56 m 1.0 m 175 
Technology, USA Pay lgd- 45 kg 

11. National Geotechnical 2700 kg or 18,000 kg 8.0 m 300 or 
Centrifuge, Civil Engg. Deptt. 100 
University California, 
Davis, CA-95616USA 

12. University of California 
Davis, USA 

1.0 m 

13. University of Missouri, 0.92 2000g 
Rolla, USA 

14. Purdue University, U.S.A. 12.5 cm height model 1.20 m 104 

fully at the various centrifuge centres are : 

1. Stability of slopes 

(a) Natural slopes 
(b) Earth dam slopes 



192 INDIAN GEOTECHNICAL JOURNAL 

2. Stability of excavations 

3. Stability of tunnel roofs 

4. Bearing capacity of footings 

5. Piles and pile groups subjected to static and dynamic loads 

6. Uplift capacity of anchors 

7. Behaviour of offshore gravity platforms and 

8. Liquefaction studies. 

Some of the applications reported in the literature arc briefly presented 
to illustrate the use of centrifuge model testing technique. 

Bearing Capacity of Footings on Sand 

Ovesen (1980) has compared the results of small model tests in 
centrifuge with the results of conventional model tests. The comparison 
(Fig. 2) shows that whereas in conventional mod.::! tests the values of Ny 
are found to be affected by the size of the model, in the centrifuge tests, Ny 
values have been found to remai.n constant with width. This illustrates that 
by achieving stress simila rity in a centrifuge, useful studies on bearing 
capacity problems can be carried out. 

Stability of a Natural Slope 

Lyndon and Schofield (1978) have reported a study on a slide that took 
place at Lodalen, Oslo. The study demonstrates how the stress history, 
loading and failure of a natural slope could be simulated in a centrifuge. 

The prototype situation is shown in Fig. 7. The slope was deepened 
to 1: 2 in 1925 by cutting back 5 to 6 m and again by a further 2.5 min 
1949. The failure occurred in 1954. The failure was attributed to swell
ing subsequent to the final excavation and loss of strength. 

The prototype situation was simulated in the model assuming the slide 
area was initially normally consolidated and subsequently eroded to the 
natural profi le that existed in 1925. The shear strength at site was found 
to increase linearly with depth. The ratio of undrained shear strength cu 
to change in effective overburden pressurep was found to be 0.16, Based 
on this ratio, the location of the original ground profile was estimated. 
The same is also shown in Fig. 7. The slope before 1925 1949 and 1954 
are also shown Fig. 7. ' 

The modelling constituted the following steps: 

I. Block samples of 820 x 710 x 310 mm size were obtained from the 
field. (If the performance of the model is to be similar to that 
of the prototype, fabric, structure and sensitivity of the soil should 
be . same apart _from other things both in model and prototype. 
This can be achieved only by preparing the model from undistur
bed samples). 
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2. The stratum affected by the slide extended to a depth of about 
35 m. A 35 m deep stratum was simulated by a model depth of 
0.3 m. The corresponding scale factor is l 15. The centrifuge 
therefore was run at 115 g. The model was subjected to 15 h (23 
years of prototype) of consolidation at 115 g. The centrifuge was 
stopped, 1954 profile was formed and during this period, the 
models were allowed to swell in ea rth's gravity for 180 min. On 
reloading, the failure occurred I I min. after attaining 11 5 g. The 
prototype events and the corresponding model events are given in 
Table 3. 

TABLE 3 

Correspodance between the Prototype and Model Events 

Poototype events 

Consolidation to original effective 
overburden pressure 

Cutting back 5 to 6 min 1925 and 
2.5 min 1949 

Occurrence of landslide 

Model events 

Preconsolidation profile estimated was formed 
and centrifuge run at 115 g. 

Bring the machine to rest and form 1954 profile 
and allow swelling to take place. 

Run the machine as 115 g resulting in loading 
and failuie, 
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3. The pore pressure distribution was simulated by providing a rock 
drain and an overflow drain as shown in Fig. 8. (Pore pressure 
mearurements were taken shortly after the slide and the pore 
press_ure distr\~utio~ was determined at four points. These showed 
artesian conditions m the deposit. It was assumed that the artesian 
conditions was due to piezometric level in the rock higher than the 
ground water level). 

Closed system hydraulic piezometers connected by nylon tubes to 
transducers were used for measurements of pore pressure. The test was 
continuously observed by closed circuit television and recorded on video
tape for subsequent play back. The changing topography of the model 
was surveyed intermittently by the two stationery photogrammetry cameras 
and stereoscopic plotting. 

The real sliding surface in the model was established with the track 
of the slip as it emerged at the toe of the slope and the measured dis
placements of the piezometer installations. The observed model slip 
circle and the prototype slip circle are shown in Fig. 9 and the close 
agreement seen indicates that centrifuge testing can simulate prototype 
events. 

Stability of a Flood Bank (Hird et. al. 1978 and Padfield, 1980): 

The prototype situation is shown in Fig. 10. Flood embankments were 
constructed to avoid flooding of the low lying marshy land along the river 
Thames in U.K. The embankment is resting on soft clay and peat overlying 
permeable sandy gravel which outcrops in the river bed. The piezometric 
head in the gravel with the flood embankment follows closely the water 
level in the river. 

Sample 
box 

Acceleration 
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SCALE MODEL (1·115} 

Rec;ervoii 

-~-··;•,., 
. ' 

. ·/ 

,.,,. Rock 
drain 

FIGURE 8 The Model-Lodalen Slide, OSLO (After Lyndon and Schofield, 1971) 
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FIGURE 10 Section Flood Bank at Dartford Lock Breach, (After Padfield, 1979) 

The problems posed are : 

(i) Stability of the embankment 

(ii) Stability of the soft clay layer against uplift 

(iii) Effect of uplift pressure on the stability of embankment. 

It is possible to examine (i) and (ii) independently of each other. 
However, the relationship between the embankment stability and uplift 
pressure is not necessarily a simple one. It is possible that uplift pressures 
lower than those required to lift the impermeable stratum could impair 
embankment stability if a slip mechanism was to form which took advan
tage of the reduction of effective stress and shear strength in the previous 
uplift zone. The formation of such a slip, which could be non-circular, 
would depend on the geometry of the bank and underlying layer and on 
soil properties . 

. The prototyl?e situation was modelled in a centrifuge and an unexpected 
failure mechanism was observed. It was found that the failure surface 
passes along the clay/gravel interface and · does not reemerge at the ground 
surface. Instead, the clay layer got compressed resulting in increased 
thickness at the vicinity of the toe of the embankment (Fig. 11). 

Tunnels in Soft Clay (Kimura and Mair, 1981): 

In soft ground tunneling, the heading remains unlined. The designer 
is concerned with the temporary support required in the unlined portion 
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FIGURE 11 Observed Failure Where Uplift and Self Weight Interact in Model. (After 
Padfield, 1979) 

of the tunnel to maintain its stability and the ground movement_s. The 
heading is temporarily supported by the use of compressed air. The 
stability of the tunnel heading is impaired by the self weig~t o( the ground 
above the tunnel ax1s. The situation can be as shown m Ftg. 12. The 
stability is a function of C, D, P, and ur. Here the loading is due to self
weight and the situation can not be simulated by conventional models. 

C 

D E 
~ 

FIGURE 12 Idealized Tunnel Heading 

Tunnels of 60 mm diameter were cut in clay models and tested at 75 g 
and 125 g. The models were equivalent in terms of stability to 4.5 m and 
7.5 m diameter prototype tunnels in soft clay. Tests were caried out 
varying Cf D rati°' and Pf D ratio and the pressure ar just required for 
stability was estimated. 

As the centrifuge speed was increased to the predetermined level, 
tunnel stability was maintained by compressed air supplied to a flexible 
rubble bay within the tunnel. During the increase in speed the compressed 
air pressure was increased always keeping equal to the total overburden 
pressure of the tunnel. When the centrifuge acceleration reached a predeter
mined value, the compressed air pressure was reduced until failure of 
the tunnel occurred. The measurements of soil movement were made 
around the tunnel as it deformed under the self weight of the surrounding 
ground when the temporary support within the tunnel was progressively 
reduced. 

Loading Techniques 

Cyclic Lateral Loading of Piles : 

Hoadley et. al. (1981) used a simple hydraulic loading system (Fig. 13) 
to apply reversible lateral force to the piles. Two equal masses were 
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(ii) Reservoir full and connected to Tank 2 

FIGURE 13 Schematic Diagram of Cyclic Loading Apparatus (Af(er Hoadley 
et, al. 1981) 
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suspended in a buoyancy chamber either side of the pile and these balanced 
loads were applied to the pile through a wire and a pulley system. Water 
introduced alternately into either buoyancy chamber caused an unbalanced 
force equal to the product of the mass of water displaced and acceleration 
N8 of the test. 

Dynamic Loading on Piles 

Scott (1978) reports a study carried out on model piles under dynamic 
lateral loads. The vibration of the pile was achieved with a magnet/coil 
arrangement shown in Fig. 14. The magnet was mounted in a rigid 
aluminium frame work which was bolted to the centrifuge soil container, 
parallel to and above the soil surface. 

A 2.54 x 1.90x 0.81 cm (I.00 x 0.75 x 0.35 in) piece of aluminium with 
0_.6_4 cm (0.25 in} slot to accomodate the pile was used to attach a pile 
!"1g1dir to the ':011. The necessary supply of current to the coil resulted in 
mducmg the vibration of the pile head. 

Earthquake Loading 

Arulanandan et. al. (1982) have developed an earthquake simulator for 
the generation of a sinusoidal motion during a centrifuge test. The basic 
structure of the simulator is as shown in Fig. 15. The strain in the 
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FIGURE 14 Cross Section of Magnet and Soil used in Vibration Tests. (After Scott, 
1978) 
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FIGURE 15 Piezoelectric Earth Quake Simulator (After Arulanandan et. al., 1982) 

piezoelectric elements is directly proportional to the magnitude of the 
applied electric field. Thus by controlling the electric input, the strain can 
be controlled. High voltage sinusoidal signal is fed to the piezoelectric 
elements producing a corresponding sinusoidal motion proportional to the 
electric field across them which is transmitted to the test package. 

A Bumpy Road apparatus has been developed at Cambridge (Schofield, 
1981) to induce earthquake loading on centrifuge models. Cambridge 
centrifuge is housed in a circular underground pit. A steel track extends 
around about a third of the pit circumfrance. During the centrifuge 
flight, a wheel passes the track and is generally kept clear of it. To cause 
shaking of the model, the wheel is moved radially outward and when it 
lands on the track, it is held firmly in contact. There are very slight 
bumps on the track and this then forms the bumpy road along which the 
wheel races. The movement of the wheel is determined by whatever wave 
form has been accurately machined on the tiack segments. Oscillation of 
the bell crank causes horizontal ground motion of the model as determined 
by the wave from. The double acting pneumatic jack holds the wheel on 
the track for one pass and then pushes it clear. 
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Choice of Major Details of the Centrifuge 

The radius of the rotary arm, the size and mass capacity of the model 
package, the maximum acceleration to be achieved and the maximum 
speed of the rotary arm to be achieved are the most important details of a 
centrifuge which one should decide before planning for the creation of the 
facility . 

T~e acceleration produced in the centrifuge model is given by the Eq. 
4 which suggests that the acceleration can be increased by increasing 
either the speed of rotation or the radius of the rotary arm. Since, the 
accele1ation is increased as a square of n, it can be better achieved by 
choosing the desired range of n. However, the maximum acceleration 
needed to be produced depends on the appropriate model scale to be 
chosen for a given problem. In most of the practica l problems such as 
stability of earth dam slopes and natural slopes, proper modelling of the 
prototype demands that the model scale should not exceed 100. For 
example, if a zoned earth dam of 100 m height with a 2 m thick horizontal 
filter is to be modelled, the model thickness of the filter should atleast be 
say, 2 cm so that the filter zone can be simulated with the prototype filter 
material which may be a well graded gravelly sand. To achieve this the 
model to prototype ratio cannot be less than 1/ 100, i.e. model should 
be atleast 1.0 m height. Therefore the acceleration cannot be more 
than 100 g. Thus. the specifications on the maximum acceleration 
a nd the speed should be decided on the above considerations. 

The acceleration in the model shall vary within the model as the 
accelera tion is dependent on the radius of rotation of the soil model. For 
example, if the thicknees of the soil model is say t , and the distance from 
the centre of rotation and the top of soil surface is r1 • the acceleration (or 
the gravity field) in the model will vary from (2,rn)2 r1 to (2,rn)1 (r1+ t). 
This means, when we say that a model is placed at an acceleration field of 
100 g , it may mean that the centre of the model is subjected to 100 g and 
the top of model may experience a lower acceleration and the bottom of 
the model may experience a higher acceleration, The acceptable limit of 
variation of acceleration is of the order of 10 percent. Therefore it can be 
seen that whereas the model simulation requirements suggest a higher value 
of t, the limiting value of acceleration variation in the model suggests a 
smaller value of t . If these contradictory requirements are to be satisfied, 
the radius of rotation r should be large as compared to t. If the aim is to 
study real problems such as stability of zoned earth dams, natural slopes 
and tunnel roofs, the model should be prepared with prototype material 
incorporating all the features of the prototype which demands larger t 
values (atleast of the order of a metre) and a correspondingly large 
radius (of the order of 4 to 5 m). However, if the aim is to carryout 
research studies on prepared soil beds. smaller thickness of model smaller 
radius will serve the purpose. It may also be noted that the cost of the 
centrifuge increases roughly with the square of the radius and the size of 
the package (Rowe, 1975). The size of the centrifuge should be decided 
taking all the above factors into account. 

Relevance of Centrifuge Testing in Indian Context 

The most challenging and important problems in Geotechnical Enginee
ring are those concerning earth and rockfill dams, tunnels in rock and 
soil, natural slopes and excavations. These form the major components in 
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water resources projects. The design and construction of these structures 
are b~ing ?arried out a~ the moment under a great number of uncertainities 
resulting m conservative design, unpredictable safety, considerable delay 
in construction and high cost. The uncertainities are due to lack of 
definite information on the behaviour of these earth structures which are 
primarily loaded due to self-weight of earth itself. The self-weight loading 
cannot be simulated by conventional models. 

The finite element technique which is currently being used widely has 
by itself. failed to serve the purpose adequately mainly due to inadequate 
information on material behaviour under various conditions of loading 
and inadequate field evidence for corroboration. The centrifuge model 
testing technique, which can simulate self-weight stresses and loading has 
emerged as the best means of obtaining adequate information to predict 
the prototype behaviour of earth structures. The centrifuge model testing 
can be used to directly predict the prototype behaviour in many situations 
and in some more complicated situations the results of centrifuge model 
testing shall be complimentary to the results of a finite element analysis 
and vice-versa. Thus. centrifuge testing along with finite element analysis 
can contribute adequate information based on which important earth 
structure such as embankment dams, tunnels, natural slopei. and excava
tions can be designed with more confidence. This will go a long way in 
reducing the cost and enhancing the safety of these structures. 

India is now in the second phase of exploiting the natural water resour
ces. After having successfully completed water resources projects at sites 
which are devoid of serious complication, India has now taken up 
projects in such places as earthquake prone Himalayan region where 
construction of earth structures are posing serious design and construction 
problems. Development of a centrifuge facility to match the already 
existing expertise and facility on the numerical techniques is therefore an 
urgent need of the country to tackle design and construction problems 
anticipated in the above projects. 

Conclusions 

The conventional model testing of earth structures and foundations has 
serious limitations due to the fact that the similarity between the prototype 
and model cannot be established with respect to self-weight loading and 
self-weight stresses. These difficulties can be overcome in centrifuge model 
testing. A number of studies have been successfully carried out in centri
fuge at U.K., Japan, and U.S.A. These studies demonstrate the utility of a 
centrifuge in geotechnical engineering studies, particularly in the prediction 
of prototype behaviour of earth structures. In view of the fact that some of 
the water resources projects, particularly in the Himalayan region are 
likely to pose challenging design and construction problems concerning 
earth structures, the development of a geotechnical centrifuge testing 
facility in the country should help tackle these problems. 
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