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Physical Modeling of Clay Slopes in the Drum Centrifuge 

JAMES A. CHENEY AND ALI MOHAMAD OSKOOROUCHI 

The modeling-of-models technique is used in the physical modeling of over­
consolidated kaoline clay embankments by utilizing a drum centrifuge. The 
clay is consolidated from a slurry in a g-field up to 400 times gravity, and then 
60' slope embankments from 2 to 8 cm in height are cut and tested for the 
fa ilure g-level. Three types of failure are observed: (a) a quick strength, 
wherein the g~evel is raised quickly to failure; lb) a short-term strength, where­
in failure takes place in 5-10 min ; and (c) long-term failures, which take many 
hours. The extension of these data to prototype size is tentatively established 
by tests that vary over a range of scales. This is especially important in estab­
lishing a scaling relationship for time. The time-scaling relationship is investi­
gated by observing changes in time to failure as a function of model size for 
constant prototype dimensions. 

The stability of overconsolidated clay slopes was 
physically modeled by Fragaszy and Cheney (.!,1) in a 
drum centrifuge, shown in Figure 1. Their results 
indicated that the short-term strength of the slope 
can be assessed by using the Cam-Clay theory for the 
yield surface on the dry side of the critical-state 
line. It was also shown that lower strengths are 
exhibited in the centrifuge models after a long time 
(1-12 h) at constant 9.-level. This experimental 
finding suggests that it might be possible to model 
a phenomenon observed in prototype slopes of over­
consolidated clay, that of slopes failing after many 
years of stabile behavior. The results reported 
(.!), however, were not sufficient to establish a 
scaling relationship between time in the centrifuge 
and prototype time. 

The approach used by Fragaszy and Cheney in 
centr Huge modeling was to analyze the centrifuge 
results with a Bishop's-method stability-analysis 
program by using various choices for the strength 
parameters. The strength parameters giving factors 
of safety closest to unity were considered to be 
closest to correct. 

Another approach in centrifuge modeling is to 
test models over a range of scales to establish the 
range of validity of the technique and then to make 
predictions by direct modeling. This approach has 
been quite successful in applications involving sand 
(1-2). The application in clay is more complicated 
because density and water content are self-con­
trolled phenomena in the sense that consolidation 
depends on internal properties of permeability, 
compressibility, and viscosity rather than exter­
nally controlled deposition. Thus the use of the 
modeling-of-models technique in clay requires 
special attention to the initial states of stress 
and moisture-content distribution in order to sat­
isfy the requirements of similarity between test 
specimens. 

DRUM CENTRIFUGE 

The use of a complete drum for modeling clay slopes 
has many advantages. It permits the consolidation 
of clay at extremely high .9.-levels, and the usual 
problem of balancing the arm while water is removed 
in the consolidation process is automatically solved 
by symm~try. The drum forms its own counterbalance. 
It permits the study of stability of slopes having 
no unnatural boundary along their length. However, 
there are some drawbacks associated particularly 
with the drum centrifuge that must be addressed. 

The drum centrifuge used in this study rotates in 
a vertical plane and has a very short length (0.3 m) 
and a radius of 0.6 m. The clay is poured into the 
drum while the drum is spinning and spreads evenly 

along the circumference, forming a uniformly thick 
blanket of clay 0,3 m wide and 0.15 m thick. This 
blanket is then consolidated under its own weight at 
50-400 .9. by the spinning of the drum. The state of 
stress during consolidation is in question. 

As the layers near the wall of the drum compact, 
the inner layers must move radially outward. This 
outward movement must also be accompanied by a 
circumferential spreading because the layer is 
moving to a larger radius associated with a larger 
circumference. The ends of the drum (0.3 m apart) 
have a camber e inward with respect to the plane 
of rotation so that there must also be an out-of­
plane spreading of inner layers as well. The geom­
etry of the drum is shown in Figure 2. 

The lateral strains associated with consolidation 
may be computed from the geometry, the measured 
inner surface displacement, and the change in water 
content across the thickness. The radial strain at 
a given layer is given by the following: 

Ev= [ov-(d/R*)-(d/R)+(d2 /RR*))/[l-(d/R*)-(d/R)+(d 2/RR*)] (I) 

i n which 

ov = volume change in a layer at depth d = G, (w; - wr)/(1 + G,w;) (2) 

where 

wi water content at layer d initially as ratio 
of dry weight, 

Wf water content at layer d finally, 
Gs specific gravity of clay particles, 
R* radius of layer from apex of end walls (see 

Figure 2b) , 
R = radius of layer from center of revolution of 

drum (see Figure 2a), and 
d radial displacement of layer. 

The displacement d of the surface layer is measured . 
From this, £v6Y is subtracted to obtain the 
displacement d of the second layer. This process 
has been programmed for high-speed digital computa­
tion to determine the displacement distribution and 
then the lateral strain. 

The lateral strain for one test (M-2) is shown in 
Figure 3. The conditions near the outer wall ap­
proach zero lateral strain while conditions near the 
inner soil surface approach strains large enough to 
reach the active lateral stress state. 

WATER-CONTENT DISTRIBUTION 

The influence of the variable lateral strain on the 
water-content distribution through the sample can be 
assessed by use of the Cam-Clay theory (~), If we 
take 

where 

ov' effective stress in y-direction 
(radial), 

oh' effective stress in x, z-directions 
(lateral), and 

K = coefficient of lateral pressure, 

(3) 
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Figure 1. Drum centrifuge and peripheral equipment. 

Figure 2. (a) Axial view of drum and (b) X-section of drum, A-A. 
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in accordance with the Cam-Clay theory, 

v = V - Afup' - {[(A - K)/M]/(q/p')f 

where vis the volume of a unit volume of solids, 

q = a~ - ai. = (1 - K) a~ 

p'= (av+ 2ah)/3 =[(I+ 2K)/3]/a~ 

and V, A, K, and Mare constants of the theory. 

(4) 

(5) 

(6) 

The difference in v for K0 conditions (zero 
lateral strain) and Ka conditions (active Rankine 
state) is given by the following: 

Clv = V0 - V0 

= ARn [(I+ 2K0 )/(i + 2K.)] + [(A - K)/M] 3 [(! - K0 )/(l + 2K0 )] 

- [(I - Ka)/(! + 2K.)] (7) 

Given A 0,056, K 0.010, M 1.27, Ka 
0.5, and Ka= 0.30, the following holds: 

/!,,v = -0.10 (8) 

This means that the specific volume for the active 
Rankine state is less than that for the at-rest 
state. A smaller specific volume is associated with 
a smaller water content through the following: 

water content= [(v - 1)/G,] x 100 percent 

Figure 4 shows 
distribution with 
(active) and K0 

schematically the 
respect to depth 
(at-rest) states. 

(9) 

water-content 
for the Ka 
The actual 
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Figure 3. Lateral strain versus depth after consolidation. 

'g 
,c 

w 

z 
ci 
a: 
I-
(/) 

...J 

~ w 
~ 
...J 

-15,0 

-to.o 

-5.0 

-t.O 

0.0 1.0 5.0 10.0 

DEPTH (from soil surface (cm.) ) 

Figure 4. Expected W/C distribution for consolidated soil in drum. 
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distribution follows the Ka-curve in the upper 4 
cm of depth and follows the K0 -distribution in the 
lower 4 cm. A transition occurs between these two 
zones, forming an S shape. 

DESCRIPTION OF TESTS 

After consolidation of a clay blanket approximately 
9 cm thick, the centrifuge is brought to a stop in 
order to take moisture-content samples. After this 
the centrifuge is spun up to the full consolidation 
speed to return the specimen to the fully consoli­
dated state. Then the centrifuge is slowed to 40-50 
rpm and a cutting is 'made by using a specially 
shaped cutting tool made of a sharpened wire bent to 
conform to the shape of the desired slope. The 
duration of time taken to cut the slope assures that 
the material is in the fully drained condition after 
cutting. 

The control of the cutting is accomplished by 
means of a screw-fed rigid bracket to which the 
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cutting tool is affixed. This mechanism can be seen 
in Figure 1. 

In the quick tests, the centrifuge is then 
steadily increased in speed, while the circumference 
is panned with a strobotac triggered by a photo cell 
that uses a light beam reflected from a target 
attached to the drum. The speed at which the first 
sign of a slope failure is observed defines the 
failure speed and the associated load factor at 
failure Nf• 

'rhe quick tests are essentially undrained tests 
due to the rapid rate of loading, although the 
analytical results of Fragaszy and Cheney (_!) indi­
cate that local dilation may occur at failure. 
Because the lateral stresses normal to the plane of 
rotation and the vertical stresses due to self­
weight are greatly reduced, the sample is in a 
highly overconsolidated state. The quick tests are 
analogous in many respects to a quick draw-down test 
of a canal embankment. 

Timed tests were performed once the quick-test 
strength had been established. These tests are 
performed in a similar manner, except the centrifuge 
speed is set at a percentage of the speed at quick 
slope failure and the time required to reach failure 
is observed. Two classes of time behavior are 
observed: (a) a short-term failure requiring 5-10 
min and (b) a jong-term failure requiring many hours. 

All the slopes tested were at a 60° angle with 
respect to the horizontal and made of a mixture of 
kaoline particle sizes (25 percent Mono 90, 75 
percent Snow Cal 50) having C am--C lay proper ties , 
= 0.056, K = 0.010, and M = 1.27 and Mohr-Coulomb 
strength parameters c' = 0.1 kg/cm' and~· = 33°. 

MODELING OF MODELS 

It has been stated (1) that the first task of an 
experimenter is to determine the range of validity 
o f similitude in modeling whenever all the param­
eters characterizing a prototype are not exactly 
similar. In the current problem the particle size 
of the model material is taken as the same through­
out the tests at various scales and there is a limit 
to the size of the model because of the finite 
length of the drum (0.3 m). 

However, it is important also to maintain simi­
larity between model and prototype wherever feasi­
ble. Because the strength and deformation charac­
teristics of clay are strongly dependent on the 
water content, the water-content distribution is an 
important factor in establishing similarity. The 
water-content data plotted in Figure 5 were obtained 
from seven tests, all having the same prototype 
height but ranging in model height from 2 cm to 8 
cm. In order to establish this similarity, it was 
found necessary to consolidate at the consolidation 
load factor Nc for 3 h with double drainage, top 
and bottom. 

In order to establish a systematic schedule of 
quick tests, the array of tests shown in Figure 6 
was proj ected. A prototype height (llpcl of 400 cm 
was chosen for a series of seven model heigh ts, 
after which tests of six different prototype heights 
were made at a single model height (5 cm). 

The results of these tests are given in Table 1. 
If scaling is valid, all the tests at the same 
consolidation prototype height should fail at the 
same slope prototype height. In Figure 7 the fail­
ure prototype heights versus model heights are 
plotted. The range of consistent results is between 
4 and 7 cm. 

The divergence of the results for the 8-cm model 
height appears to be related to the fact that the 
water content is less than expected for the given 
consolidation load factor Ne• The reason for the 
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divergence at the lower model heights is not clear 
but may be related to the size of clay conglomerates 
within the clay mass rather than the size of indi­
vidual clay particles, and the water-content distri­
bution is significantly different in shape at these 
lesser model -heights. 

With the valid range of model height established, 
a model height midway within this range was chosen 
for tests of other prototype heights. A plot of 
these results is given in Figure 8, which shows an 
almost linear relationship between prototype failure 
height and prototype consolidation height (Hpcl, 

The exception to this trend is test M-25, which, 
if the line is correct, failed prematurely. This 
result is explained by the fact that the water-con­
tent values for M-25 for some reason were greater 
than those ot M-24, which was consolidated at Ne = 
200. Thus, from the water-content data, M-25 should 
be associated with an Ne ~ 175 and is then in 
line with the other data points. The water-content 
plots are given in Figure 9. This observation makes 
clear that the fundamental parameter in assessing 
strength of these embankments is the water-content 
distribution rather than Nc• The relation devel­
oped between consolidation load factors Ne ann 
failure load factors Nf is simply a convenience 
for presentation of results. 

The relationship of Figure 9 is as follows: 

(JO) 

TIMED TESTS 

The initial purpose of the long-duration tests was 
to establish the length of time necessary ( if fi­
nite) for a slope lower than its quick-test failure 
height to fail. Early in the study, it was dis­
covered that there were two types of time-to-failure 
data, as previously mentioned: a short-term failure 
requiring 5-10 min to develop and a truly long-term 
failure requiring many hours. 

Table 2 lists the data from the timed tests and 
these data are plotted in Figure 10 along with the 
quick-test data for reference. There is a zone of 
prototype heights in which slopes will fail in a 
very short period of time. To the right of this 
zone, the time to failure dramatically increases. 
Isochrones of failure heights to consolidation 
heights are developed in the long-term-failure zone. 

A cross plot of curves in Figure 10 is shown in 
Figure 11 that results in a family of time-to-fail­
ure lines for constant prototype consolidation 
height (Nc·Hml· These lines are not valid to 
the left of the dashed line, which represents the 
boundary between short-term failure and long-term 
failure. 

The test results shown in Figures 10 and 11 are 
all for a common model height of 5 cm. In order to 
establish a relationship between the time to failure 
in the model and time to failure in a prototype, 
tests over a range of model heights must be per­
formed. To this end, a test series in Table 3 was 
carried out at a constant prototype height of slope 
HpF and prototype height in consolidation Hpc 
but with model heights Hm ranging from 4.5 cm to 
7 .0 cm. The load factors at failure, of course, 
vary from 98.3 to 63.2. 

If the time delay to failure depends on a disper­
sive phenomenon such as the hydrodynamic delay in 
consolidation, one would expect the time to be 
governed by a time factor T, which is proportion al 
to the inverse square of the characteristic length H 
and directly proportional to time t: 

T = Cvt/H2 (I I) 
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Figure 5. Water content versus depth in modeling of models. Table 1. Modeling-of-model data. 

WATER CONTENT AS o/o OF ~y Wt. 
Hm Hpc 

Test (cm) Ne (cm) Nr 

M-11 2.0 200 400 167 
M-12 3.5 114 400 55.2 
M-13 4.0 JOO 400 63.4 

0.2 M-14 5.0 80 400 47.3 
M-15 6.0 66. 7 400 39.4 
M-16 7.0 57.0 400 34.9 
M-17 8.0 50.0 400 37.6 
M-21" 5.0 80 400 47 .3 

0 .4 M-22 s.o 100 500 52.4 
J: M-23 5.0 ISO 750 60,7 

' G (i) ~ M-24 5.0 200 1000 78.0 
M-25 5.0 250 1250 70.0 

0 0 .6 

~ ~ C) 0 

a:: 

~ 0.8 (i) 

a.. 

M-26 5.0 350 1750 110.0 

arest M-21 is the same as test M-14. 
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Figure 6 . Modeling-of-model test program. CONSOLIDATION LOAD FACTOR, N c 
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Figure 7. Prototype versus model height for 
modeling-of-model tests. 
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Figure 8. Prototype failure height venus prototype 
consolidation height for quick tests. 
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Figure 9. Water-content distribution: quick tests. 
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Table 2. Ti med-test data. 

Test Ne 
Hpc 
(cm) Nr' 

HPF 
(cm) 

M-36 350 1750 88.5 442 
M-36A 350 1750 77.0 385 
M-36B 350 1750 54.5 272.5 
M-35 250 1250 68.0 340 
M-34 200 1000 59.0 295 
M-34A 200 1000 45.0 225 
M-34B 200 1000 39.3 196 
M-33 150 750 21.0 105 

Note: Hm = 5.0 cm. 

where Cv is a constant. 

2B 

tF 
(min) 

150 
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5-10 
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5 

5 

PROTOTYPE CONSOLIDATION HEIGHT, Hp 
C 
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<t M-25 
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Ne 
0 100 

D 150 

6 200 

• 2!50 

• 350 

(13) 

The relation between t and nf becomes the follow­
ing: 

(14) 

A plot of the inverse square of failure load 
factor nf' versus time to failure is given in 
Figure 12, There is a fair correlation of the data 
with the theoretical line, and this tends to cor­
roborate Skempton's hypothesis (]) for the time 
delay to failure. An extrapolation to a load factor 
of unity gives an estimate of the long-term time to 
failure of the prototype. 

The tests in Table 3 were run with constant 
prototype heightr thus, 

nr Hm = 1750 cm 

and 

(12) CONCLUSIONS 

The existence of the short-term failure is of great 
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Figure 10. Results of timed tests. QUICK TEST 
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Table 3. Long-term modeling-of-model test data. 

Hm 
Test (cm) Ne 8 Pc 

M-41 4.5 389 1750 
M-42 5.0 350 1750 
M-43 5.3 330 1750 
M-44 5.54 318 1750 
M-46 7.0 250 1750 

200 400 600 

100 200 300 

!F 
Nr HPF (min) 

98.3 442 10 
88.5 442 ISO 
83.4 442 88 
80.3 442 72 
63.2 442 180 

importance in assessment of the safety of slopes, 
This failure condition is likely associated with a 
local instability along a failure surface within the 
clay mass that permits a very localized dilation, 
leading to a fully softened state (critical state), 
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The existence of this form of failure is suggested 
by Schofield and Wroth (~I as a mechanism of failure 
below the yield surface on the dry side of the 
critical state. 

Apparently the quick tests generally were done so 
fast that such instabilities did not have time to 
develop, although some scatter in the data might be 
suggestive of such a reduction in strength. 

The long-term behavior clearly exists in the 
model tests and time' to failure increases with the 
size of the model. This result negates a viscoplas­
tic creep theory (_!!) as an explanation of the de­
layed time to failure, which would make modeling 
invalid, The N2-scaling law used in scaling time 
for hydrodynamic events (seepage, consolidation) 
appears to govern generally the delay time to fail­
ure and therefore corroborates the theory of Skemp­
ton (2), 
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Figure 12. Time to failure versus 1/N? for long-term 
modeling-of-model test. 
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Centrifugal Testing of Soil Slope Models 

MYOUNG MO KIM AND HON-YIM KO 

The principles of testing static geomechanical models are explained, and the 
need to simulate the gravity-induced body forces is emphasized. The only 
convenient method of inducing increased gravity on models of soil structures 
is to spin the model in a centrifuge. Experiments were conducted in a 10-g-ton 
geotechnical centrifuge to model the stability of slopes of partly saturated 
granular soils. A series of modeling-of-models tests was conducted in which 
several models of different scales were tested at different gravity scales. The 
internal consistency of the centrifugal modeling technique is demonstrated by 
results of these tests, which show that the same critical height of the prototype 
slope is obtained irrespective of model scale. A quantitative comparison is 
made of the model test data and analytical results from limit analysis, finite­
element analysis, and limiting-equilibrium analysis. It is demonstrated that the 
critical slope heights obtained from the centrifuge tests are bracketed within 
the upper bounds established by limit analysis and the lower bounds obtained 
from finite-element calculations. In addition, the locations of the failure 
surface obtained by testing and analysis correspond closely in all cases. 

Testing of scaled earth models under an increased 
gravitational body force field is a relatively new 
idea in soil mechanics. This centrifugal-modeling 

technique is the only method that can completely 
satisfy the requirements of the principles of simil­
itude in the geotechnical model in which body forces 
of a structure are significant. Nevertheless, many 
workers are still unconvinced of the validity of the 
method, primarily due to the lack of prototype data 
against which model behavior can be compared. Even 
·when such data are available, comparisons usually 

. point out the necessity to better define the geology 
of the prototype situation as well as the material 
properties. 

In order to demonstrate that the scaled centr i­
f ugal model can pr oject to prototype behavior, it is 
possible to carry out a modeling of models, in which 
a series of models is constructed at different 
scales, all representing the same prototype (which 
could be an imaginary situation), and tested at 
different gravity ratios, each calculated to bring 
the respective model to full similitude with the 
prototype. Only when it has been demonstrated that 


