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Proceedings of the 

SYMPOSIUM ON RECENT ADVANCES 
IN GEOTECHNICAL CENTRIFUGE MODELING 

A symposium on Recent Advances in Geotechnical Centrifuge Modeling was 

held on July 18-20, 1984 at the University of California at Davis. The symposium 

was sponsored by the National Science Foundation•s Geotechnical Engineering 

Program and the Center for Geotechnical Modeling at the University of California 

at Davis. 

The symposium offered an opportunity for a meeting of the International 

Committee on Centrifuges of the International Society for Soil Mechanics and 

Foundation Engineering. The U.S. participants also met to discuss the 

advancement of the centrifuge modeling technique in the U.S. A request is 

being transmitted to the American Society of Civil Engineers to establish a 

subcommittee on centrifuges within the Geotechnical Engineering Division. 
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AMERICAN LITERATURE 
ON GEOTECHNICAL CENTRIFUGE MODELING 

1931 - 1984 

The ear lie st references in the American literature to centrifuge modeling 

were by Philip Bucky and his students at Columbia University from 1931 to 

1949. The topics addressed were associated with mining engineering relating to 

mine roof design. Photo-elastic techniques were also introduced to the centrifuge 

technique at this time (Sinclair and Bucky, 1940). This work was followed by 

Louis Panek at the U.S. Bureau of Mines in College Park, Maryland, from 1 94~ 

to 1962. Panek was concerned with bolting systems for mine roof reinforcement. 

Clark indicated awareness of the centrifuge technique in 1955 (Caudle 

and Clark, 1955) and developed a centrifuge at Missouri School of Mines, Rolla. 

A number of masters theses resulted between 1962 and 1970 that never reached 

technical journals or symposia (Chan, 1960 (\.1S); Esser, 1962 (MS); Haycocks, 

1962 (\.1S); Gomah, 1963 (MS); Haas and Clark, 1970). Their work concerned 

stresses in mine openings, rock bolts, voussoir arches, photo-elastic study of 

slope stability, and lined and unlined cylindrical cavities. Wang et al. (1968) 

carried out tests utilizing photo-elastic models of rock beams. 

The centrifuge technique was mentioned by Hubbert (Hubbert, 1937) in 

1937. Also, mention was made of the technique by others (Caudle and Clark, 

1955; Schuring and Emeri, 1964; Rambosek, 1964; Anderson and Reichenback, 

1966; Shuring, 1966, U.S. Army, 1968), but actual research results were limited 

to the few indicated above, prior to 1970. 

In 1969 Schofield introduced centrifuge modeling to the soil mechanics 

and foundation engineering literature in the English publication Advance 

(Schofield, 1969). This and activities at Cambridge University, Manchester 

University, and the Manchester Institute of Science and Technology (UMIST) 

influenced the growth of the technique in Europe. Later through funded research 

for the U.S. Army Corps of Engineers in Vicksburg, and a steady stream of 

sabbatical appointments at Cambridge University from 1975 and on Schofield 

influenced the growth of the technique in the U.S. 

Another influence on the growth of centrifuge modeling in the soil 

mechanics field was the work of Oveson while on sabbatical leave at the 

University of Florida in 1971 and 1972. He tested the behavior of scaled models 

of cellular coffer dams over a range of scales and demonstrated the need for 
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centrifuge modeling. Also, he obtained a small surplus centrifuge which he 

modified for geotechnical use that still remains at the University of Florida 

under the direction of Townsend. Oveson used the centrifuge to study the 

bearing capacity of footings in sand that culminated later in his classic paper 

in Geotechn ique in 197 5. 

In the decade of 1970-80 several developments occurred on the American 

scene. The use of centrifuge for modeling geophysical events and processes was 

carried to North America following the work of Ramberg in Swedan. Ramberg 

began his wock in Chicago and later at the University of Connecticut where he 

proposed a high-g centrifuge for tectonic modeling. Lacking fund ing Ramberg 

returned to Swedan to carry out his work. However, Dixon in Canada using 

plastecine clay models studied the deformation in diapiric structures. (Dixon, 

1974,1975). This was followed in 1980 and 1981 by research reports on modeling 

of tectonic development of Archean Greenstone Belts (Dixon and Summers, 

1980,1981). 

Several European scientists published centrifuge modeling results in the 

North American literature. Notable are Habib (1974) on shallow footings 

Waterways Experiment Station reports on River Bank Stability (1976), Atkinson 

and Potts (1977) on subsidence above shallow tunnels, Schofield (1978) on slope 

stability using the basket centrifuge, and, recently, Morris (1981) and Dickin and 

Leung (1983) on dynamic soil structure interaction and anchor plate pull-out 

respectively. 

In 1976 Schmidt reported the first of a long series of results of explosive 

cratering data. The work of Schmidt and Holsapple has revolutionized the 

science of crater prediction at nuclear explosive levels and was accomplished 

by scale tests in the centrifuge at Boeing Company in Seattle, Washington, using 

small chemical explosives and impact of small projectiles at high velocities. 

(Schmidt, 1976,1978-1981; Holsapple, 1978-1984). 

The results cramatically reduced the size estimates for craters formed 

by near-surf ace large-yield nuclear explosions and by planetary impact of large 

bodies. Because neither phenomenon can be tested at full scale, centrifuge 

simulation is the only alternative for obtaining an experimental data base. 

Estimates of crater sizes were reduced owing to the onset of a strength-gravity 

transition above which cratering efficiency decreases with size. Existing field 

data were too sparse and were conducted in far too diverse media to observe 

the phenomenon. 
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The application of these findings to Lunar and Planetary Science were 

pointed out by Gaffney (1978), Gaffney and Cheney (1983), and Gaffney, Brown, 

and Cheney (1983). 

Scott (1977) entered the centrifuge literature in 1977 with cyclic and 

dynamic test on piles. This was followed in 1978 and on by work on modeling 

earthquake (Liu, Hagman, and Scott, 1978) and a general summary (Scott, 1978). 

Scott participated in a special preprint volume on Centrifuge Modeling of 

Geotechnical Problems at the ASCE National Convention in Atlanta, GA., in 1979 

on pile tests and continued work reported in the XI Offshore Conference (Scott, 

1979a,1979b). Scott's work on pile testing in the centrifuge was reported at 

the Stockholm Conference (Scott, 1981) and elsewhere (Scott, Ting, and Lee, 

1982; Scott, Tsai, Steussy, and Ting, 1982). 

The Scott-Morgan (1977) report on the "Feasibility and Desirability of 

Constructing a Very Large Centrifuge for Geotechnical Studies" was an outcome 

of a workshop on Geotechnical Centrifuge Modeling sponsored by the National 

Science Foundation at the California Institute of Technology in December 1975. 

This report has become a standard reference for many U.S. research proposals 

and results. 

Scott has delved into many other projects on the centrifuge, some of 

which have been reported by his colleagues and students (Ortiz, Scott, and Lee, 

1981) on forces on retaining walls, and (Prevost, Cuny, and Scott, 1981; Prevost, 

Cuny, Hughes, and Scott, 1981) on offshore gravity structures. 

The special preprint volume on Centrifuge Modeling of Geotechnical 

Problems (1979) indicated the development of a geotechnical centrifuge research 

center at UC Davis with two small centrifuges in operation. Papers on modeling 

of lateral earth support (Shen, Kim, Bang, and Mitchell, 1979), overconsolidated 

clay slopes using a drum centrifuge (Fragaszy and Cheney, 1979), and simulation 

of earthquake motion (Arulanandan, Canclini, and Anandarajah, 1979), all coming 

from the UC Davis geotechnical group. 

In the same specialty session Ko (1979) gave results he obtained on buried 

pipes and Townsend, Goodings, Schofield, and Al-Hussaini (1978) gave results of 

mine waste embankments utilizing in both cases the Cambridge University 

centrifuge. 

Since that time Ko has developed a facility at UC Boulder and has 

produced a steady flow of results with his graduate students and colleagues 
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(Ferguson and Ko, 1981; Goble, Ko, and Houghnon, 1981; Kim and Ko, 1982; Ko, 

Azevedo, and Sture, 1982; Leung, Schiffman, Ko, and Pane, 1984; Gemperline 

and Ko, 1984; Ko, Dunn, and Simantob, 1984). The range of interest included 

cone penetrometers, piles, slopes, excavations in sand, footings on steep 

slopes, and effects of overtopping earth dams. These topics are addressed also 

in the following M.S. theses: Cargill, 1980; Ferguson, 1930; Houghnon, 1980; 

Kim, 1980 (Ph.D.); Croce, 1982; DePonati, 1982; Harrison, 1983; Manzoori, 1983; 

and Scully, 1983. 

Townsend has developed the centrifuge at the University of Florida, 

Gainesville, that Oveson started, and is in the process at this date in building 

a second slightly more powerful centrifuge. His work has included bearing 

capacity of footings in sand, evaluation of the collapse of cavities (sink holes), 

and evaluation of sedimentation and consolidation characteristics of phosphatic 

waste clays. The latter is addressed by Bloomquist (1982 Ph.D. dissertation), 

Bertin (1978 M.S. thesis), Mcclimans (1984 M.S. report), Townsend and Bloomquist 

(1983), and Townsend and Israel (1983) reports. 

The UC Davis group has also continued to produce research publications 

utilizing the two small centrifuges: swing bucket and drum (Cheney and Fragaszy, 

1980; Cheney, 1981; Fragaszy and Cheney, 1981; Shen et al., 1981; Cheney and 

Oskoorouchi, 1982; Cheney and Brown·, 1982; Shen et al., 1982; Arulanandan et al., 

1981; Arulanandan and Anandarajah, 1983; Arulanandan et al., 1983; Bang and 

Shen, 1983; Cheney, Shen, and Ghorayeb, 1984). 

During this same period the large man-rated centrifuge at NASA Ames 

Research Center was obtained for modification for geotechnical engineering 

research. This machine is designed to carry 6,000 lbs of soil payload (8,000 lbs 

with container) at 300 g's and at a radius of 30 feet. Details of this machine 

were presented by Cheney (1980). It will be the largest facility of its kind in 

the western world. 

Early in 1984 the drive motor of the modified facility suffered a collapse 

of the thrust bearing of the motor rotor that caused extensive, although minor, 

damage to commutator bars and drive train. 

Still other centers of geotechnical modeling have been developed. 

Suther land et al. (1979) utilized the 25-foot radius Sandia Centrifuge at 

Albuquerque, New Mexico. Sutherland and his colleagues have carried out a 

number of tests for government agencies involving subsidence over coal mines 
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and stability of tailings darns (Suther land, 1982; Suther land et al., 1983, l 983a; 

Sutherland et al., 1984). 

Prevost at Princeton University has a small centrifuge and with his 

colleagues, has investigated the dynamic response of laterally loaded piles, 

buckling of a spherical dome, dynamic soil structure interaction, and subsurface 

wave reflections. (Prevost and Abdel-Ghaffar, 1982; Prevost et al., 1983; Prevost 

and Scanlan, 1983a,b; Cole, Scanlon, and Prevost, 1983a,b,). 

In 1982 Goodings at the University of Maryland reported the work relating 

to the flow problem through and over waste embankments that was involved in 

her Ph.D. thesis at Cambridge and the Corps of Engineers, Waterways Experiment 

Station, Vicksburg. She has gained access to a small centr ifuge at Goddard 

Space Flight Center near College Station and has produced several publications 

(Goodings, l 984a,b,c; Goodings and Schofield, l 984a,b). Her interest has 

progressed to boundary problems in reinforced soil structures (Santamarina and 

Good ings, 1984 ). 

Whitman from MIT utilized the Cambridge Geotechnical Centrifuge to 

carry out basic tests in liquefaction. The first results were given by Whitman, 

Lambe, and Kutter (1981). Subsequently results were given by Whitman and 

Lambe (1982); Whitman, Lambe, and Akiyaina (1982); and Lambe and Whitman 

(1982). 

Kutter accepted the position as Managing Director of the large centrifuge 

at NASA Ames Research Center after receiving his Ph.D. at Cambridge University 

and is now part of the UC Davis group. His M.S. thesis (1980) and his Ph.D. 

dissertation (1982) utilized the 'bumpy road' earthquake simulator that he 

developed at Cambridge. This work was presented in England (1982) and later 

in the U.S. (l 983,1984a). A review of the costs of centrifuge construction was 

presented by Kutter in 1984a. 

In 1982 Clark called together a workshop on "High Gravity Simulation for 

Research in Rock Mechanics" in hopes of raising interest in a large high-g 

machine for research in mining problems. Lade et al. (1981) published results 

at ISSMFE, Stockholm conference with Jessberger, Kabowske, and Jordan on 

modeling deep shafts, but rock mechanics centrifuge application is sparse to 

date. 

The U.S. Air Force has shown increasing interest in centrifuge modeling 

of blast induced behavior (Nielson, 1983; Schmidt, Fragaszy, and Holsapple, 1981). 
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In the last few years there has been a blossoming of U.S. centrifuge 

activity. New centrifuges are being discovered and brought into play for example 

at Kirtland Air Force Base l.J"lder the operation of the New Mexico Research 

Institute. Sterling at the University of Kentucky has built a 6,000 g-lb centrifuge 

for model landfill subsidence (Sterling and Ronayne, 1984). Ko at the University 

of Colorado, Boulder, has obtained funds for building an intermediate size 

centrifuge. At this writing there is high probability that there are some 

centrifuges that are being used that have been overlooked and papers presented 

that are not reported here. For this, apologies are extended. 

The growth of the centrifuge as a research tool in the U.S. is phenomenal. 

The day will come when every well-equipped geotechnical research laboratory 

will include a centrifuge for model testing, and at that stage comprehensive 

reference lists such as this will be unfeasible. 
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THE CENTRIFUGE AS AN A ID TO THE DESIGNER 

William H. Craig, University of Manchester, U.K. 

The centrifuge in the recently renamed Peter W. Rowe Laboratory 
at the University of Manchester has been used since its commissioning 
in 1971 for a wide range of studies, many of which have been allied to 
site-specific design projects, [Craig and Rowe (1981), Rowe (1983) and 

Craig (1984}]. For more than a decade this centrifuge has been the 
machine with the largest purpose-designed geotechnical payload 
capacity operating in the Western world - 3.5 tonnes to 120 g 
(structure capable of sustaining 3.5 tonnes to 200 g with more 
powerful drive system}. The phi 1 osophy of the Manchester group has 
been that whilst operating within the limitations of a university 
environment (as are all three major U.K. centrifuges), such a machine 
with its unique capabilities should, and can be made available for use 
in design studies. 

If real engineering design problems are to be tackled using 
centrifuge techniques then the machine and its support team and 
facilities 111.Jst be capable of responding within a time period which is 
acceptable to the overall design team . The centrifuge may fulfill a 
number of roles; those often quoted include 

(a} determination of mechanisms, 
(b) parametric studies, 
(c) validation of numerical analyses, 

(d} prototype response prediction . 

The time span involved will depend on the individual project and 
the role of the particular model, but there may be need to be a 
capability to respond to major new initiatives within months rather 

than years, and to design changes within days or weeks, if the 
centrifuge is to contribute to the continuous feedback process of 
design studies. Examples of the way in which a centrifuge has been 
used in major projects where all the above roles have been described 
by Rowe and Craig [(1976, 1978, 1980)]. 
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As a 
supported 

(a) 

(b) 

(c) 
( d) 

university-based machine, the Manchester centrifuge has been 
by 

academic staff, 
established (permanent) technician and engineering staff, 
research students, 
contract staff. 

Of necessity, academic staff have committments other than to the 
centrifuge - they are part-timers. Research students whose outlook 
has both an established target (a higher degree) and a finite time
span, are generally full-time, but this must include significant time 
spent in literature reviews, analysis and co~utation. They are in a 
sense mission-orientated but the restrictions, in the U.K. system at 
least, make them unsuitable for on-line design projects . We have had, 
at times, the full time support of one technician dedicated to the 
centrifuge and the part time support of three other established 
technicians in the University Soil Mechanics Laboratories - the latter 
also support teaching and other research. In order to sustain 
project-orientated activity and major design studies it has been 
necessary to employ continuously one additional engineer and one or 
two technicians over the last ten years. The whole group has operated 
within a single building with addditional backing from the greater 
resources of a major university department. In order to maintain a 
viable level of activity with continuity of employment for non
established staff, a contract turnover of around $150,000 per annum 
has been required. 

The Manchester machine can be seen as a forerunner of the latest 
generation of centrifuges being designed and constructed in a number 
of countries. The machines have capital investments in excess of 
$106. Such sums are generally put up by organisations funded directly 
or indirectly by government and it seems reasonable to suppose that 
the centrifuges are intended to respond to the needs of major designs 
in the national and international engineering context. In brief, the 
billion dollar project should be able to gain useful access to the 
million dollar machine . This requires, in addition to the bare 
machine, a support structure which can accept the challenges as and 

when they arise. 
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NGC FACILITY AND TRENDS IN COST OF CENTRIFUGES 

THE NGC FACILITY 

B. L. Kutter 
Department of Civil Engineering 
University of California, Davis 

The National Geotechnical Centrifuge is the largest capacity centrifuge 

of its type in the Western World. Located at NASA Ames Research Center at 

Moffett Field, California, the N GC will be open for use by any bona-fide 

researcher. The capabilities and acceleration goals of the machine are listed 

in Tables 1 and 2. Figure 1 shows an isometric view of the machine. Several 

pieces of the data acquisition system and sample preparation equipment of the 

NGC have been acquired. The data acquisition system consists of a DEC LSI 

11 /23 computer with an ADAC "Direct Memory Access" analog to digital 

converter (which digitizes 100,000 data points per second), a plotter, printer, 

termina~ and an onboard signal conditioning system. A 35 mm camera, two 

video cameras and high speed movie cameras are available. Bins, hoppers, an 

overhead crane, and a soil delivery system have also been acquired. 

Construction of this large centrifuge was made possible by a grant from 

NSF along with hardware and engineering support from NASA Ames Research 

Center. NASA provided an obsolete manned motion simulation centrifuge which 

could be modified for geotechnical research. It was possible to use the rotunda, 

slip rings, drive motor, and power supply from the old centrifuge, which greatly 

reduced the required costs. 

After reaching 35 g accelerations in several separate runs, the drive motor 

thrust bearing failed and caused significant damage. The bearing was carrying 

loads well within its capacity, but improper lubrication caused a premature 

failure. Presently, funding is being sought to carry out the repair and completion 

of the centrifuge. 
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Achievement of a 300 g acceleration capability will require significant 

architectural modifications to improve the aerodynamics of the rotunda in orde r 

to reduce power requirements. This may include lowering the ceiling, reducing 

the radius and smoothing the walls of the centrifuge chamber. Our analyses 

show that faring the centrifuge arm would be difficult and would only provide 

secondary reductions in power requirements. Streamlining the arm results in an 

increase in the relative velocity between the arm and the air so that the power 

requirements are not reduced in proportion to the reduction in the drag coefficient 

as may be intuitively expected. 

TABLE 1 

NGC Capabilities 

Payload Capacity 6,000 lb 2,700 kg 

Allowable Out-of-Balance 
Mass (at 300 g) 600 lb 270 kg 

Radius to Platform Surface 30 ft 9.2 m 

Platform Dimensions 6 x 7 ft 1.8 x 2.2 m 

Platform Area 42 ft2 4.0 2 m 

TABLE 2 

Acceleration Goals 

35 g achieved December 1983 

70 g 

100 g 

300 g 

goal for February 1984 not achieved due to bearing failure 

can be achieved after bearing repair 

requires aerodynamic modification 

2000 g-ton 100 g, 20 ton payload requires new platform and swinging 
counterweight 
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The free body diagram in Figure 2 shows the tensile force, F, at the 

centerline opposing the inertia force of the payload (Nw), and the inertia force 

NW 
on half the arm <2 2 >. The center of gravity of half of the arm in the free 

body diagram is assumed to be at D/4, where the centripetal acceleration is 

N/2. Equilibrium gives: 

NW 
F = (2 2 + \\N) ( 1 ) 

w 
F = (w + 4)N (2) 

where W is the weight of the arm. The minimum cross-sectional area of the 

arm is re lated to this force by the allowable tensile stress, a all 

(3) 

Eliminating F from (2) and (3) we obtain 

a a 11 (A) = ( w + ~)N ( 4) 

We can then multiply both sides by Dy giving 

\V 
a a 11 ( ADy ) = ( w + 4) N)y ( 5) 

where D = length of arm, y = unit weight of meta4 and ADy is simply the 

weight of the arm, \V, Solving equation <5) for W gives 

(6) 

This relation indicates that a centrifuge of uniform cross-section 

approaches infinite weight as 
0 a11 1 
NDy approaches 4· For typical high-strength 
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steel, y = 500 lb/ft
3 

and a all = 30,000 lb/in2• The critical value of ND, when 

the denominator becomes zero, can be determined from 

30,000 lb/in2 = l 
N) (500 lb/ft 3 ) 4 

(7) 

N) = 414,720 in (8) 

for a 30' radius (720" diameter), the critical g-level is N = 576. Again, assuming 

a all = 30,000, and y = 500 lb/ft3, if the model dimension is to be no larger 

than one-tenth of the diameter, there is a limiting prototype dimension l)p that 

can be simulated on the centrifuge: 

( 9) 

Equation (6) assumes that all the steel in the centrifuge structure acts 

in pure tension. In reality, a major portion of the centrifuge mass is required 

to I-old the centrifuge ~ under the l g loading of earth's gravity. However, 

the design of the NGC and other recently designed machines use a scheme that 

separates the primary centrifugal loads from the l g down loads. Centrifugal 

loads are taken almost in pure tension of straps. Equation (6) probably provides 

a reasonable estimate of the required weight of tension straps for centrifuges 

where the centrifugal tension and the l g bending loads are de-coupled. However, 

for all centrifuges the weight determined from equation (6) may be approximately 

proportional to the actual required arm weight. The equation does serve to 

indicate the trends in centrifuge weight which in turn can be assumed to be 

roughly proportional to centrifuge cost. 

To obtain a consistent comparison between the costs of three hypothetical 

centrifuges, Jet us assume the characteristics listed in Table 3. To approximately 

account for the fact that the tensile members will be subject to loads other 

than pure tension, the allowable tensile stress in Table 3 has been reduced to 

20,000 psi instead of 30,000 psi as used in the above calculations. 
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Centrifuge 

Payload Weight, w (lb) 

Centrifuge 
Acceleration N (g) 

Centrifuge Diameter, 
D (ft) 

Density of Structural 

Material, y (1b
3

) 
ft 

Allowable Tensile 
Stress CJ all (ksi) 

TABLE 3 

I D 

4,000 6,000 

200 300 

40 60 

500 500 

20 20 

1.39 3.125 

8,521 85,700 

Ill 

40,000 

100 

60 

500 

20 

1.04 

50,600 

The final row in Table 3 indicates that the tension straps for centrifuge II 

(a 900 g-ton machine\ would weigh an order of magnitude more than for 

centrifuge I (the 400 g-ton machine). Part of the reason for this dramatic 

increase in centrifuge weight is that centrifuge ll is approaching the theoretical 

limit where, as NDy approaches 4, the centrifuge weight approaches infinity. 
CJ all 

It is recognized that the selected values of y and CJ all can be altered for various 

centrifuge designs, but the trends in cost indicated by Table 3 should be valid. 

Figure 3 illustrates the cramatic rate of increase of centrifuge weight as the 

factor ND increases. 

Power Requirements 

Since a large centrifuge requires more power than a smaller one, costs 

are expected to increase. Consider an element of area dA of the cross-section 
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of the arm where dA = hdr and h is the thickness of the arm. The torque dT 

required to push this element through the air is 

dT = rdF ( 10) 

where r is the radius to the element and dF is the drag force on the element: 

(11) 

where CD is the drag coefficient, p is the air density, and V is the relative 

velocity between the arm and the air. If V is assumed to be a constant factor 

k times the absolute arm velocity, 

2 2 2 
dF = CDP (k w r ) h dr 

T = (~2i/h)2JR r
3dr 

0 

The power, P, required is simply wT 

3 4 
p = Sj>hk2 w 2R 

p = cnphk2 (w;_) I. 5 R2. 5 

(12) 

( 13) 

( 14) 

(15) 

(16) 

which (if CD, p and k are constant) is proportional to what we shall call a 

power index, P .I. 

(17) 

where N is the g level. We can again compare hypothetical machines as in 

Table 4. 
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TABLE 4 

Centrifuge II 

Arm Thickness, h 2' 3' 

Arm Radius, R 20' 30' 

g-Level, N 200 300 

P.I. 1.0 x 107 7.7 x 107 
Li 

The 900 g-ton machine would require approximately eight times more power 

than the 400 g-ton machine. This factor of eight wiJl cause a similar increase 

in the costs of the drive motor, power supply, wiring, and architectural treatment 

to reduce power requirements. 

SUMMARY 

The calculations in this paper indicate that the weight of a centrifuge 

increases disproportionately with an increase in the ratio NDr. The calculations 
aaJl 

show that to support the centrifugal loads alone in a machine similar to the 

NGC at 900 g-tons would require almost ten times as much steel as a smaJler 

radius 400 g-ton machine. Power related costs were also shown to increase by 

approximately a factor of eight when increasing the capacity from 400 to 

900 g-ton and increasing the radius from 20 to 30 feet. 

In the initial conceptual stages of the NGC it was realized that the 

machine may cost about $10 million to build from scratch. Modification of the 

existing NASA facility allowed considerable sav ings. NASA has provided the 

buildings, the drive motor, a power supply, a large slip ring unit, and a large 

amount of engineering support. This has enabled the facility to nearly reach 

100 g capability at a fraction of the cost of starting from nothing. It is 

important for the geotechnical community to take advantage of the significant 

contributions made by NASA. It may never again be possible to obtain such a 

large cen t rifuge at such a low cost. 
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THE L.C.P.C. CENTRIFUGE 

J.-F. CORTE Head Geotechnical and Soil Mechanics Division ~ 2 
Laboratoire Central des Ponts et Chaussees (France) 

Centrifugal testing for geotechnical studies h as 
be e n practised in Fran ce at the Laboratoire Central des Ponts 
et Chaussees (L.C.P.C.) sin ce 1975 , However the experi menta
tions had to be run o n the facilities of the Commissariat a 
l'Energie Atomique (C.E.A . ) which were designe d for d efense 
applications. In 19 80 a proposal to build a new large cen
trifuge, e n tirely d evoted to geotechnical studies, was accep 
ted a nd the L . C.P . C . centrifuge should be in operation b y 
the end of 198 4. 

The main characteristics which defin e the capacity 
of th i s machine are summarized in Table 1 . 

di stan ce to platform surf ac e 5;50 m 

maximum acceleration at Sm radiu s 200 G 

max i mum payload at 100 G 2 000 kg 
II II at 200 G . . 500 k g 

maximum package dimension s length 1. 40 m 

width 1. 10 m 

h e ight 1. 50 m 

run up time to 100 G 180 s 

Table 1. L.C.P.C . Centrifuge capacity 
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THE CENTRIFUGE 

Th e cen t rifuge wa s design e d b y ACUTRONIC Cor po r ation 
fro m t h e s pec ificat i on s def ine d b y L . C. P .C. for performance 
a nd operat ion of t h e machine . Th e des i gn of t h e mechanical 
parts aime d at avoiding c ompl ex states of stresses for a good 
unde rsta ndi ng o f all t h e effo r t s i n t h e most highly st r a ined f 
r e g i ons. Mor eo ve r t o limit t h e uncertainties i n ageing b rough t l 
by t h e manufacturing proces s, a ll parts a r e free fro m weld i n g 
e xce pt the plat f o rm a nd the bea ring s uppo r t . Figure 1 s h ows 
a ge n e r a l v i e w of t h e centrifuge a nd i ts d r i ve u n it . r 

8.75. 

[] 

MOTOR PIT 

1. AC MOTOR 

2. EDDY CURRENT CLUTCH 

3. EDDY CURRENT BRAKE 

g 

CENTRIFUGE CHAMBER 

-4. GEAR BOX 

5. OR IV ING SHAFT 

8. ROTOR ARM 

7. COUNTERWEIGHTS 

8. SWINGING BASKET 

9. SLIPRING STACK 

Figure 1. L. C .P . C. Ce ntrifuge . Mach i n e a nd dr ive u n it 

The s winging basket 

I ts design h a d to conci l iate a ntagon istic obj ect i -· 
ves : l ow mass, hi gh ri gidity and l arge openings allowi n g 
easy access to t h e mo d e l pac kage a nd photogra ph ic obse r vation 
of t h e r ear face of t h e mode l i n flight . (Figure 2). Finite 
eleme nt a n a l yses we r e ma de to j mprove t h e design . 
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The platform has a honeycomb weld ed structure ; its 
stiffness limits the deflection to less than 1 mm under maxi 
mum load. The swing arms are machined from steel plates 100 mm 
thick. 

In order to r e duce aerodynamic forces, the swinging 
basket is covered with fairings designed from model tests 
with a small centrifuge at a 1/ 19 scale. 

-. 
(JI 

• 
• 

Figure 2. Swinging basket without its fairings 

Th e rotor a nd its support 

Th e rotor arm is dissymetrical to reduc e power 
requirements <Figur e 3) . It is made from two cylindrical solid 
blanks of steel ( 0 . 50 min diame t e r, 6.50 m long, mas s 6 8 00 kg). 

On t h e bask~t side the bars are bored to reduc e their 
\\·eight a nd .::tre machined 1.;0 s upp<Jrt the spe rical bea r ing of 
the swinging baske t . Th e opposi t e portion i s threaded for the 
displaceme nt of the counte rweights. 

Thes e two cy linde rs are fixed to the central box by 
four compressi on rings. The r otor is connected to t h e vertical 
driving shaft by a diaphragm. 

The counterweights are made of five cast iron pl ates 
of 3500 kg each. The b a lance i s adjusted by displaceme nt a long 
t h e threaded portion of t h e arm. 

42 



Cl( VAT ION 

OVERHEAD VIEW 

1. Swinging basket 7. Bearing shaft 13. Arm tube 

2. Spherical bearing 8. Support 14. Brace 

3. Rotor arm 9. Driving shaft 15. Hinged lid cover 

4. Diaphragm 10 . Concrete base 

5. Central driving box 11. Basket front shroud 

6. Counterweight 12 . Basket rear shroud 

Figure 3. El e vation and overhead dra wings of the L.C.P.C. Centrifuge 
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Th e hollow bearing shaft carries three roller bea
rings. The radial forces act on t wo barrel-shaped roll e r bea
rings placed symmetrically with respect to t h e medium plane 
of the rotor. The gravity load is carried by a third ta pe r 
roller bearing placed underneath. The b e a ring shaft is welde d 
to a four-arm base . 

To driv e unit 

The driv e system consists of four e l e me nts : a cons
t ant speed electric moto r , an eddy current clutch , an e ddy 
current brake and a gear box. This solution ha s been s e l ected 
mainl y because it generates a minimum of e l ectric interfe
rences. 

The A.C. motor has two speeds for b etter efficien cy 
and lower running costs . Its characteristics are given in 
table 2. 

number of poles 4 6 

rotating speed at full load 1 4 80 985 rpm 

nominal power 410 170 kW 

efficien cy at full load 94 94,8 % 
nominal torque 2 645 1 650 Nm 

maxi mum t orque 4 760 5 110 Nm 

Table 2. Characteristics o f the dual speed motor 

DATA ACQUISITION SYSTEM, OBSERVATION AND OPERATION ON THE MODEL 

Data acquisition 

Differe nt line s are provide d to transfer d ata exchan
ges between the mod e l mounted on the swinging platform and the 
con trol room, via sliprings. Two different configurations are 
available ( Figure 4) . 

In the first case, a 100 channel H.B.M. acqui sition 
chain i s fixed on t h e rotor n ear the central shaft. Analog 
sign als irom t h e transducers placed on the mo del are sample d , 
digi tized and stored . The results are then tran s mi tted to the 
computer in t h e contro l room via a IEEE 4 88 line with HP-IB 
extender via only one h igh fr e que nc y s lipring. The acquisi 
tion fre que ncy is about 20 channels/ s . 
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In t h e second configuration the analog signals 
transit directly via the 100 low noise sliprings to analog 
recorders i n the control room. The twenty coaxial l ines have 
a b a ndwidt h of more than 10 Mg Hz , and t h e eighty two- con
ductors armored lines can transmi t signals of 1 Mg Hz . 

ROTOR 

Jvnct Ion unct Ion unction 
boa 80 boa 80 boa 80 

CONTROL ANO OB SER VATI ON ROOH 

100 sllprin9s 
low noise 

wo-conduct--- two- two-

Junction 
bo• 80 
two

conduc tor l ines conductor onductor 

Junct ion 
boa 20 

couhl 
lines 

Junct 1on 
bOl MBH 

100 
ch1nnels 

Junction 
boa 20 

couial 
11nu 

Data 

Junction 
boa 20 

coulal 
11nes 

Acqu 1s 1t ion 
Chain MSM 

100 MP-18 

channels ext. 

s 11 pd ng M . F . 

I . 
I 

Junction 
box 20 

couh l 
lines 

MP. IB 
ext. 

a a 
Acquisition 

~ 
~ 

Computer 
MP 9816 

~ 
Plotter 
Pr inter 

Magnet ic 
tape 

recorder 
disk 

Figure 4. Organization of t h e d ata acquisition system 

Observation of t h e model 

Three television cameras are used two survey the 
centrifuge chambe r, the third one is fixed o n t h e rotor arm 
and gives a continuous overhead view of the model. 

The rear face of t h e mode l can also b e photographed 
in flight from a small room adjacent to the centrifuge chamber . 
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Operations on the model 

Various tools and equipments to load foundations, to 
build e mbankments or to excavate in flight are presently unde r 
study. 

Electric energy is supplied to equipments mounted 
on the mode l or on the rotor arm by five power sliprings 
(3 pha ses, 1 n e utral , 1 earth). Six rotary joints (two high 
press ure 20 MPa, four low pressure 1 MPa ) are also available 
for the command of hydrauli c or pneumatic devices . 

Figure 5 shows the gene ral arrangement of t he ser
vi ce lines. 
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BASKET ROTOR 

COICTROL 
CARDS P. l 

33 1/32 f EXT • 

.MICTIOIC 
BOX 

4X2 WIRES 

T.V 
CAIERA 1 

EJIERGY 
SUPPLY 
229 v 

1------- ---1 FLUID SUPPLY 

COICTROL AMO 08SERVATIOIC 

ROOM 

COfl'UTER 
HP 19 HP 9816 

EXT . B 

JUllCTIOIC 
BOX 

4X2 WIRES 

YIDEO K>NITORS 

1---------1 EJ 
EJIERGY 
SUPPLY B 

B 

Figure 5. Service lines for observation an operations o n 
the mo del in flight 
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THE CENTRIFUGE BUILDING. 

The centrifuge is built on the Nantes Center site 
of the L.C.P.C. in a special building shown by Figure 6. For 
a convenient use all the facilities have been placed toge
ther : from the soil preparation laboratory to the centrifuge 
chamber ; these rooms are also at the same level. The centri
fuge chamber which houses the rotor is 13.5 min diamete r and 
almost 4 m high. For safety, the reinforced concrete wall is 
surrounded by an embankment 6 m thick. 

1. CENTRIFUGE CHAMBER 

2. EMBANKMENT 

3. TRANSFORMER ROOM 
1 4 . MOTOR PIT ACCESS . . ·. ~ ·.·· :· ·-... ·o 

5. PHOTOGRAPHIC ROOM . . . ... 
. : . . . .. .. . .· 
. . ·. ·. · .. 6. CONTROL AND OBSERVATION ROOM 

SOIL PREPARATION ROOM 

SOIL CONSERVATION ROOM 

MODEL PREPARATION ROOMS 

SOIL MECHANICS LABORATORY 10 

Figure 6. L.C.P.C. centrifuge facilities 
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ABSTRACT 

THE PHRI GEOTECHNICAL CENTRIFUGE 

by 

M. Terashi 
M. Kitazume 

H. Tanaka 

Port and Harbour Research Institute 
Y okosuka, Japan 

A large scale centrifuge was installed in the Port and Harbour Research 
Institute, Ministry of Transport for geotechnical studies in the March of 1980. 
Various data acquisition system including photo-instrumentation and surrounding 
facilities were completed in the following two years. This is the largest 
centrifuge among four active ones existing in Japan (i.e., Osaka City University, 
Tokyo Institute of Technology , Chuo University, and PHRI). 

In the article, detail s of the centrifuge, current research projects and 
scope of the future are described with brief comment on the already published 
test results. A summary of major specifications is listed is Table I. 

Paper included in the Proceedings of International Symposium on Geotechnical 
\.iodeling, in Tokyo, in April of 1984 . 
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TABLE I 

Major Specifications 

Maximum acceleration (G) 
Diameter of rotating arm (mm) 
Maximum effective radius (mm) 
Maximum number of rotation (rpm) 
Space of swinging platform (mm) 
Maximum payload (kg) 
Maximum G-tons 
Main motor (kW) 
Electric slip rings (poles) 
Rotary transformer (kVA) 
Number of hydraulic joints (ports) 
Total weight of the centrifuge (t) 

' . 
' ' 1..-------1. 

115 
9650 
3800 

185 
1600xl600 

2710 
300 
400 
80 

5.2 
10 
87 

FIGURE 1. PHRI Geotechnical Centrifuge 
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DESIGN CHARACTERISTICS OF THE BOCHL!M 
GEOTECHNICAL CENTRIFUGE AND POSSIBLE FIELDS OF RESEARCH 

ABSTRACT 

l. Design Characteristics 

Hans L. Jessberger 
Ruhr-University, Bochum 

At the end of 1983 the Deutsche Forschungsgsgemeinschaft (DFG) granted 

funds for the Bochum Geotechnical Centrifuge. The centrifuge is now under 

construction and it is planned to have it in operation in the summer of 1985. 

Figure 1 shows the design principles with the following details: 

Swinging buckets 

Effective radius to the platform: 4.125 m 

Platform area: 1.25 x l.25 m. In one direction the area is expandable to 

2 m 

Payload: 2,000 kg 

Maximum acceleration: 250 g which gives a capacity of 500 g tons 

The centrifuge is driven by 3 hydraulic motors with a maximum power of 

400 KW 

The aggregates are located in a separate room beside the centrifuge 

There will be a circular pit with an inner diameter of 9.50 m. The centrifuge 

building is partly inground placed on hard rock 

The slipring tower has 120 low current sliprings, 6 high current sliprings, 12 

sliprings for water, air and chilled brine, and 1 slipring for LN2 as coolant 

The centrifuge is located adjacent to an existing building of an abandoned 

coal mine (Figure 2 and 3). This building has a large hall in which several soil 

mechanics test machines are in operation. There is also a test pit inside the 

hall. The free height to the crane is 6 rn. 
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The ground plan (Figure 3) shows the arrangement of the centrifuge related 

to the already existing soil mechanics laboratory of about 500 m 2 area. In the 

center of this area is a cold room which can be cooled down to -20°C. 

The centrifuge building is located outside of the Ruhr-University campus but 

within walking distance. Heavy equipment is transported between campus and 

centrifuge by car which needs about 5 km. 

2. Intended Fields of Research 

The design of the centrifuge allows to simulate the conditions in 300 m depth 

of the prototype or to investigate the behavior of a prototype with a horizontal 

length of 500 m. 

The centrifuge is equipped with a device to cool or heat models. It is 

possible to change the temperature field during flight by cooling down to -196°C 

or by heating up to +200°C. 

In the following intended fields of research are summarized: 

a) Frozen soil engineering 

Frozen soil supporting inground opening such as shafts, tunnels, etc. 

Buried LNG storage tanks 

b) Cold regions engineering 

Simulating of frost heave and thaw effects on pipe lines 

- Thaw consolidations 

Stability of slopes in permafrost 

c) Ice engineering 

Impact of flowing ice sheets and ice islands on structures 

Shafts or tunnels in a deforming ice shelf in the Antarctica 
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d) Research projects in relation to mining activity 

Deep shafts 

Tunnels and galleries 

Open pit mining 

Caverns in salt rock for nuclear waste disposal schemes 

e) Transfer of 1 g dynamic test results to flying models 

Impact loading - dynamic consolidation 

Cyclic loading using open and partly drained systems 
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R.Y.K. 

EVALUATION OF A CONSTITUTIVE MODEL FOR 
SOFT CLAY USING THE CENTRIFUGE 

BY 

Liang, E.C. Tse, M.R. Kuhn, & J .K. Mitchell 
Department of Civil Engineering 

University of California, Berkeley 

Prepared For The Symposium on 
Recent Advances In Geotechnical 

Centrifuge Modeling 

held at the 
Center for Geotechnical Modeling 
University of California, Davi s 

July 1984 
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ABSTRACT: A general constitutive model has been formulated which may provide a r 

rational method for prediction of the time-dependent performance of embankments 

on soft clay foundations, with due consideration for creep effects during the 

undrained, consolidation, and fully drained stages. Tests on embankment type 

soil structures are being performed on the U.C. Davis Schaevitz Centrifuge to 

I • measure the time-dependent pore pressure and deformation behavior for 

comparison with predictions made using the constitutive model. This paper 

inlcudes descriptions of the building, testing, and monitoring of the 
l 

centrifuge models. The results of the centrifuge tests are compared with I 
predictions made using a simplified form of the constitutive model. 

Centrifuge testing is valuable for investigating the accuracy and I 
usefulness of new soil behavior models, particularly in the absence of or as a I 
supplement to detailed field records. The unique conditions imposed by the 

centrifugal environment, such as stress history, stress path, geometry, and 

curved "gravity" field can be properly accounted for in numerical analyses . 

Further, careful model preparation minimizes the uncertainty concerning the I 
value and spatial variation of soil properties. 

I 
INTRODUCTION I 

A general time-dependent constitutive model considering the combined 

effects of creep and hydro-dynamic consolidation of soft clays was formulated I 
by Kavazanjian and Mitchell (1977, 1980). Later, Bonaparte (1981) extended the 

I model to acount for plane strain conditions and other important factors 

including anisotropy and creep pore pressure response. The model has been I 
shown to predict well the results of triaxial and plane strain tests, using 

various stress paths, on both remoulded and undisturbed San Francisco Bay mud. 

Moreover, the model was successfully used to make blind predictions as a part 

I 
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of the NSF/NSERC workshop held in Montreal (Kavazanjian et al., 1980). The 

true capability of the model for use in more complicated field problems has yet 

to be evaluated, however. Field loading situations represent much more complex 

geometric and stress conditions than are the case for laboratory specimens 

subjected to uniform boundary loadings. Thus, to evaluate more fully the 

usefulness of the model, centrifuge model testing and well-documented field 

case studies are helpful . This paper describes a centrifuge test program, 

still in progress, that is designed for this purpose. 

The centrifuge provides a controlled environment in which prototype 

structures can be studied as scaled-down models, while preserving the stress 

states required to develop the appropriate soil properties. Table 1 lists 

some advantages and limitations of centrifuge testing for geotechnical studies. 

Although the modelling of actual structures may be uncertain, the conditions 

imposed by the centrifugal environment, such as stress history, stress path, 

curved gravity field, and boundary constraints, can be readily accounted for by 

treating the test as a real event and incorporating these conditions in 

analysis procedure. Thus, centrifuge testing is well suited for the study of 

deformation and failure phenomena and for the evaluation of constitutive 

models. 

CONSTITUTIVE MODEL 

The time-dependent constitutive model proposed by Kavazanjian and Mitchell 

(1977) has been updated over a period of several years to account for various 

factors affecting the behavior of clays. A current version of the model which 

has been coded into a finite element computer program SPIN2D was developed by 

Borja (1984). Only the principles of this formulation are described herein; 

details can be found in Borja (1984). 
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The constitutive model is applicable for "wet" clays (i.e. normally 

consolidated to lightly overconsolidated) of low to medium sensitivity. 

Deformation is separated into two components: time-independent (or immediate) 

and time-dependent (or delayed) as suggested by Bjerrum (1973). The 

time-independent, immediate component assumes an elasto-plastic, 

strain-hardening material that follows the Modified Cam Clay yield surface and 

the associative flow rule developed by Roscoe and Burland (1968). The 

time-independent deviatoric behavior is modeled by projecting the Modified Cam 

Clay model into the deviatoric stress-strain (q-y) plane and assuming it to 

take on a hyperbolic shape. 

For the time-dependent delayed component, the model assumes that both the 

Modified Cam Clay yield surface and the associative flow rule can be used to 

generate the delayed strain rate tensor. The validity of this assumption has 

been shown by laboratory test results obtained by Bonaparte (1981). Two 

approaches for generating the creep strain rate tensor are used. The first is 

to use the conventional volumetric creep equation for secondary compression and 

to scale it using the Modified Cam Clay yield surface and the associative flow 

rule. The second is to use the deviatoric creep function of Singh and Mitchell 

(1968) and similarly to scale it as above. For brevity, the first approaches 

is called "C scaling" and the second "SM scaling". 
(). 

Consideration of time-dependency requires that the yield surface expand not 

only as a result of increase in stress (as in conventional strain-hardening 

plasticity) but also due to increase in time, i.e. quasi-preconsolidation or 

aging. The time-state relationship is described by two age variables. The 

volumetric age tv is evaluated by determining how far in the void ratio e 

direction a state point is from the inunediate state boundary surface in e-p'-q 

space. On the other hand, the deviatoric age td is obtained by determining ev 
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the distance of a state point in the shear strain y direction from the 

immediate deviatoric stress-strain curve in the q-y plane. 

A total of 11 soil parameters, as listed in Table 2, is required. The 

parameters can be determined from conventional triaxial laboratory tests as 

shown in the table and, in principle, only two triaxial tests are needed to 

generate them. An isotropically consolidated undrained triaxial compression 

(ICU) test with pore pressure measurement can be used to determine all 

parameters except the Singh-Mitchell creep parameters. The Singh-Mitchell 

parameters can be obtained from a single-multiple increment creep test using 

the superposition procedure outlined by Singh and Mitchell (1968). In 

practice, however, additional test results would be desired to improve 

confidence in the values obtained. 

CENTRIFUGE EXPERIMENTS 

Several models of a sand embankment on a clay foundation were tested using 

the U.C. Davis Schaevitz centrifuge. This centrifuge has a radius of 

approximately 3 ft and an allowable payload of 10,000 LB-G, as described by 

Houston (1978). During the centrifuge tests, both deformations and pore 

pressures were measured to provide data for comparison with numerical 

predictions. 

Materials - A kaolinite clay of low plasticity was chosen as the foundation 

material because of its relatively high permeability and the consequent shorter 

time required for consolidation. Classif i cation properties of the material 

are: specific gravity, 2.61, liquid limit 347., platic limit 12%, plasticity 
' 

index, 22%. It contains 25% sand size, 40% silt size and 35% clay size 

I- particles by weight and is classified as (CL) in the Unified System. 

I 
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Series of triaxial tests (ICU) and undrained creep tests (ICUC) were 

performed to determine the required model parameters. The values of the 

parameters obtained from the results of these tests are listed in Table 2. 

Monterey 0 sand was used to construct the embankment and a drainage 

blanket. The properties of this sand have been well documented by Lade (1971) 

and are swmnarized in Table 2. 

Model Geometry - The models consisted of a drainage boundary at the bottom, 

a layer of soft clay foundation overlain by a saturated sand blanket, and the 

sand embankment,as shown in Fig. 1. Because of space limitations, only half of 

a symmetrical embankment and foundation system was modelled. 

Apparatus - A strong box with inside dimensions of 16-1/2 in. x 8 in. in 

plan x 12 in. in height was built to contain the model. A transparant 

plexiglas plate was used as one of the side walls of the box to enable side 

viewing of the sample container during testing. The other walls were aluminum 

plates lined with teflon to minimize side friction and adhesion. Similarly, a 

thin layer of silicon grease was spread on the plexiglas for the same purpose. 

The box was sufficiently rigid to maintain plane strain conditions in the 

model . 

Model Construction - The model's clay foundation was prepared by press 

consolidation of a thoroughly mixed slurry (initial water content w. = 90%) in 
i 

the model container. A 4 psi consolidation pressure was used to produce a clay 

cake that was sufficiently strong for later installation of measurement 

sensors. The top sand blanket was constructed by deposition of sand under 

water followed by static densification to a specified void ratio. The sand 
' 

embankment was built inside a template in layers. 

Instrumentation - Pore pressures developed in the foundations were measured 

with five miniature semiconductor pressure transducers (manufactured by Entran, 
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I EPB-125 Series). The stainless filters were secured by heat shrinkable plastic 

f 
tubing on top of the transducer diaphragm to filter soil particles. Care was 

exercised to properly de-air the transducer before inserting it into the clay 

l foundation. 

The transducers were installed as follows. First, horizontal holes in the 

foundation clay were drilled by a auger. The holes were then backfilled with 

l 
thin slurry that was injected using a long syringe. This was followed by 

insertion of a de-aired transducer. Each transducer was oriented with its 

t pressure sensitive area parallel to the direction of acceleration forces to 

minimize any effects the centrifugal forces might have on its response. In a 

I calibration test using only water in the model box, transducer sensitivity 

1-
proved constant over the test G range. 

Deformations in the foundation clay were determined by a photographic 

I method. Through an angled mirror arrangement, a remote-control camera mounted 

on the centrifuge arm recorded movements of plastic marker beads implanted on 

{ clay surface in a 1 in x 1 in grid pattern. The coordinates of markers on each 

photo negative were digitized and stored using a comparator. Deformations that 

occurred between any two frames could then be calculated using a data reduction 

1- program (Britto, 1980). 

Test Procedure - After construction of the model and installation of 

I instruments, the model container was placed in the swing-up basket. Both 

I 
static and dynamic balance were established before activating the centrifuge. 

The centrifuge test consists of two stages, as schematically shown in Fig. 

2. The first stage, called the re-initialization stage, was intended to re-

establish the past maximum consolidation pressure on the foundation material. 

I The second stage was used to further load the clay. The length of Stage I was 

I 
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purposesly chosen to be long enough to ensure full dissipation of all excess 

pore pressure before commencing the loading stage. 

TEST PROGRAM AND RESULTS I 
At the time of writing, two series of centrifuge model tests have been 

I performed: (I) a series of tests on models having the same geometry and 

loading conditions, and (II) a series of modeling of model tests. Detailed 

descriptions of the test program are given by Mitchell and Liang (1984). The 
I 

results from these tests were evaluated using a simplified version of the I 
constitutive model and a computer program, CON2D, originally developed by Chang 

and Duncan (1977). As the analysis using the SPIN2D computer program to I 
evaluate Series II tests has not yet been completed, only the results of Series 

·I 
I tests are presented herein for comparisons with predictions using the 

complete constitutive formulation. I 
The measured pore pressures of two transducers during Stage II are shown in 

Fig. 3; Stage II began 84 minutes after the start of Stage I. The observed I 
vertical settlements at two representative locations in the foundation clay are 

plotted against time and shown in Fig. 4. 
I 
I 

ANALYSIS AND COMPARISONS 

Fig. 1 shows the mesh and boundary conditions used to represent the model I 
for finite element analysis. The acceleration-time history of the centrifuge 

I test was reproduced in the FEM computations. The clay soil was represented in 

the finite element mesh by quadrilateral elements, each with nine__ displacement I 
nodes and four pore pressure nodes (Q9P4 elements); whereas, the sand blanket 

and embankment were represented with nine displacement node quadrilateral 

elements (Q9PO elements). The sand embankment and drainage layer were modeled 
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in progress to explore other possible causes of the observed discrepencies. 

Nevertheless, the model accurately described the time-dependent deformations . 

It is also apparent that creep does play a significant role in the magnitude of 

these deformations, as may be seen by comparing the curves for analyses with 

and without creep in Fig. 4. The differences between the analysis that did not 

account for creep deformation and the analysis that included creep by C a 

scaling can be as high as 25% to 30%. 

CONCLUSION 

A time-dependent constitutive model which considers the combined effects of 

creep and hydro-dynamic consolidation is being evaluated by comparing 

centrifuge test results with numerical FEM predictions. Three sets of analysis 

have been performed: two of them considered creep strains ( SM scaling and Ca 

scaling) and one in which the creep strain effect was neglected . The results 

of the comparisons suggest that: 

1) For relatively permeable and low plasticity clay materials, creep does 

not play a significant role in pore pressure response. Analyses that 

either used SM scaling or neglected creep altogether, provided very 

satisfactory predictions . 

2) Creep strains are significant contributions to the total time-dependent 

deformations. For the kaolinite tested, C scaling analysis provided a 

a better prediction of consolidation deformations; whereas, SM scaling 

analysis seemed to underpredict the rate of creep strains and thus the 

total deformations. 

3) The constitutive model underestimates iunnediate deformations but 

predicts long-term delayed deformat i ons well. 
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4) Overall, the agreement between the predicted and observed behavior was 

good, thus adding further support to the concept of summed immediate 

and delayed deviatoric and volumetric components that are computed 

using readily determined soil properties. 

5) Centrifuge testing proved to be a viable tool for studying predictive 

models of soil behavior. 
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TABLE 1 

ADVANTAGES AND LIMITATIONS OF CENTRIFUGE TEST 

Advantages: 

* Boundary conditions (both deformation and drainage) are well defined. 

* 

* 

* 

* 

Spatial variations and uncertainties of material properties can be 
minimized by careful monel preparation. 

The effects of various stress histories, stress paths, and geometry 
conditions can be easily studied. 

Time-dependent problems such as consolidation can be studied in a short 
period of time. 

Measurement of ra~ponses such as deformation and pore pressure 
variations are easy and accurate. 

Limitations: 

* Careful model construction procedure are required to simulate the 
prototype structure. 

* 

* 

The gravity field in the centrifuge is radial and the vertical stress 
distribution deviates from a straight line stress distribution. 

Boundary restraints may distort the actual behavior of the model. 
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"Centrifugal Moueling of Subsidence of Landfill Covers" 

by 
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Lexington, Kentucky 40506-0046 

Michael C. Ronayne 
Graduate Student 

University of Kentucky 

Volume reduction and settlement of wastes in controlled and uncontrolled 
burial sites may result in subsidence of the soil cover system. Following 
subsidence, water flow through the cover may rise dramatically due to piping 
through tension cracks in the cover and ponding over depressed areas. This 
water, which becomes contaminated, can then pose a hazard to the local ground
water if leakage through the bottom liner system takes place . The design and 
construction of cover systems which reduce the adverse effects of subsidence 
is an important step in reducing the potential for groundwater contamination. 

A centrifugal modeling procedure for laboratory study of landfill cover 
subsidence was developed at the University of Kentucky in an E?A-sponsored 
investigation of the hydrologic integrity of multi-layered landfill covers 
under stable and subsidence conditions. During the summer of 1983 , funds from 
the study were used to construct a 1 . 14 m (3.75 ft) radius centrifuge capable 
of accelerating a 27 kg (60 lb) sample to 100 G's. Two field scale landfill 
covers were constructed in central Kentucky and serve as prototypes for the 
centrifugal modeling. 

The prototypes' 61 cm (24 in.) thick cover layer is modeled in the 
laboratory at 1/24 scale. While being accelerated, the clay model layer is 
supported on a 2R.5 cm (11.5 in.) diameter, rigid aluminum disk within a 
cylindrical container constructed of aluminum and plexiglass. ~everal molds 
have been formed to simulate depressions (and thus subsidence) of various 
amounts. These depressions simulate cavities ranging from 0.61 m to 4 . 9 m (2 
to 16 feet) in diameter. The mold is beneath the model layer and connected to 
the aluminum disk. The container is equipped with a gauge to determine the 
magnitude of subsidence with time. 

The testing procedure consists of: 1) preparing the 28.5 cm (11.5 in.) 
diameter, 2 . 5 cm (1 inch) thick model cover layer to a specified moisture 
content and compaction density; 2) selection and placement of a mold into the 
~yli ~drical container; 3) filling the depression in the mold with lead shot 
and then placing the model layer on it; 4) measuring the surface profile of 
the clay layer; 5) placing lead shot onto the top of the model layer to 
simulate other soil layers ahove it; 6) attaching the container and a counter
weight to opposing arms of the centrifuge; 7) accelerating the specimen to 24 
G's and maintaining this acceleration for a period of time sufficient t o allow 
the excess pore pressures to dissipate ; 8) simulating subsidence by releasing 
(using a solenoid valve) the lead shot in the depression of the mold; 9) 
measuring, with the gauge, the movement of the clay layer surface with time; 
10) decelerating the container ; 11) removing the container; 12) taking a 
profile of the surface; and 13) photographing both si~es of the spec i men a n<l 
taking samples for determination of the soil's properties . The studies a re 
being conducted to investigate the effects of soil moisture content and de n
sity, soil composition, soil chemistry, and c~vlty diameter on subsidence . 
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A Centrifuge Modeling Procedure tor Landfill Cower Subsidence 
by 

Harr y J. Sterling1 and Michael c. Ronayne2 

Department of Civil Engineering 

University of Kentucky 

Lexington, Kentucky 40506-0046 

EPA Grant No. CR-810431-02 

ABSTRACT 

Trench cover subsidence has been a common and damaging form of landfill cover failure. It 
results from void filling and volume reduction of buried waste materials and takes the form of 
depress ions, tension cracks, and potholes in landfill cover~ Following subsidence, water flow 
through the affected cover may rise dramatically due to tension crack seepage, ponding over 
depressed areas, and direct flow through pothole& Water that reaches the waste material will 
become contaminated and may threaten ground and surface water supplies if leakage occurs through 
the surface cover or the bottom liner system. 

This paper describes a geotechnical centrifuge and an experimental procedure, that were 
developed at the University of Kentucky, for testing scale model landfill cover systems under 
subsidence conditions. The study was part of an EPA sponsored investigation of the hydrologic 
response of multi-layered landfill covers. Two field scale cover systems, consisting of 2 ft 
layers of compacted clay, sand, and topsoil, were constructed, and modeled in the laboratory al 
1/ 24 scale. A 1.14 m (J.75 ft) radius, swinging bucket centrifuge, capable of accelerating 27 
kg (60 lbJ samples to 100 G's, was designed and built for the study. The e ffects of subsidence 
were reproduced by forming cavities beneath model covers during centrifugation. 

Initia l model tests have been conducted with the silty clay soil that was used to construct 
the prototype clay la yer. The sand and topsoil layers we re assumed to provide no resistance to 
subsidence and were modeled by a lead shot surcharge. Preliminary data has been collected for: 
(lJ the largest (critical ) cavity diameter that can be spanned by model clay layers compacted at 
moisture contents below, equal to and above optimum; (2) the time to cover failure (cracking or 
collapse) when the critical cavity diameter is exceeded; (3J qualitative estimates of the degree 
to which cracking vs. plastic flow of the clay layer occurs when the critical cavit y diameter i s 
exceeded; and (4J predicted behavior of the test plots under subsidence conditions. 

l Assistant Professor of Civil Engineering, University of Kentucky, Lexington. 

2 Research Graduate Assi stant, Dept. of Civil Engineering, Universit y of Kentucky, Lexington. 
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INTRODUCTION 

Subsidence 

Proper design, construction and perfor
mance of a surface infiltration barrier 
(trench cover system ) is integral to a 
properl y functioning waste landfill. 
However, buried waste materials do not 
typically provide a stable support structure 
for the overlying cover. Many trench cover 
failures have been attributed to subsidence 
of the waste materials. Three cover subsi
dence responses have been observed: 

• area subsidence 

• slumps 
• sinkholes 

- settlement of the entire 
trench cover 

- local cover depressions 
- vertical erosion channels 

After subsidence, water flow through the 
cover may rise dramatically, due to tension 
crack piping, ponding, and direct flow 
through potholes. Water that reaches the 
waste material will become contaminated and 
can threaten local ground and surface water 
supplies if leakage occurs through the sur
face cover or the bottom liner system. 

This paper describes an apparatus and 
test procedure that were developed for 
modeling trench cover slump subsidence in a 
multi-layer system with a co~pacted clay 
infiltration barrier. The goals of the study 
were to predict the behavior of two, full
scale trench covers under subsidence condi
tions and to galn a better understanding of 
the slumping phenomenon for application to 
the design of subsidence resistant trench 
covers. 

The functions of solid and hazardous 
waste trench covers as determined by the 
Office of Solid Waste, U.S. EPA, are outlined 
in Table 1. 

Cover designs vary considerably, but the 
following methods of infiltration control are 
common to all designs: l J reduction of sur
face soil permeability, and 2J grading and 
other methods of runoff diversion. Under 
ideal conditions, isolation of the waste from 
surface water infiltration should continue 
indefinitely. However, cover performance in 
the field may be much different than predic
ted, due to the inherent variability, insta
bility, and behavioral uncertainties of the 
ma terials involved. In addition, cover 

failure can result from at tack by weather, 
erosion, waste materials, water and gas move
ments, construction and mai ntenance vehicles, 
plants, animals, and subsidence of the waste 
layer. (Skryness, 1982) 

The most common and often the most 
damaging of the failure mechanisms mentioned 
above is the inability of cover systems to 
adjust to short- and long-term subsidence of 
the underlying waste and backfill material• 
Volume change of the trench fill and the 
resultant slumping, cracking, or collapse of 
the trench cover is shown in figure 1. Sub
sidence may breach cover integrity and 
jeopardize cover performance in each of the 
areas enumerated in Table l. The most 
damaging effects of subsidence are signi fi
cantly increased infiltration rates due to 
ponding and crack formation, direct exposure 
of the waste ~ell to precipitat ion and sur
face runoff, releas e of contaminants, and 
accelerated degradation of the disposal site. 
(Skryness, 1982J 

CutCUf\f[lltENT IAL TE NS ION 
(AACllM~ lvlOUf<D UVE·I N 

hNS ION Ca.t.C«l NG 
AlONO hENC• BoUllDAIY 

figure l. Trench cover slump failure 

Effecti ve trench covers are difficult to 
construct and maintain. Constructing a 
trench cover to withstand subsidence while 
still functioning effectively as an infil
tration barrier is an even more difficult 
task. Several approaches to this problem 
have been suggested. However, problems exist 
with each of the proposed schemes, and there 
are many uncertainties about the short and 
long-term ab ility of any cover s ys tem to 

Table 1. functions of solid and hazardous waste trench covers (Lutton, 19791 

• Control moisture infiltration and final cover erosion 
• Preserve slope stability and resist cracking 
• Control potentially harmful gas movement and noxious odors 
• Minimize settlement and maximize compaction 
• Minimize fire hazard potential 
• Minimize vector breeding areas and animal attraction 
• Resist cold climate deterioration and operational difficulties 
• Minimize wind erosion and dust generation and blowing material 
• Provide sightly appearance to the landfill operation. 
• Provide for vegetative growth. 
• Dewater solid waste 
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withstand subsidence. few of the concepts 
have been tested, either in the laboratory or 
in the hos tile en vi ronment of a waste 
disposal facility. Considering the fact that 
subsidence has been the most common mechanism 
of trench cover failure to date , a definite 
need exists for continued research in this 
area. 

Prototype Study 

The u. s. Environmental Protection 
Agency, through its Municipal Environmental 
Research Laboratory's Solid and Hazardous 
Waste Research Division, has addressed this 
need by sponsoring several projec ts which 
seek to define, measure, and de velop 
solutions to the problems associated with 
landfill subsidence. In August 1982, EPA 
allocated funds to the Universit y of Kentucky 
for a project entitled, "Demonstration and 
Evaluation of the Hydrologic Effectiveness of 
a Three Layer Landfi ll Cover Under Stable and 
Subsidence Condi ti ons". The objective of 
this project was to des i gn, construct, and 
monitor a s eries of full-scale , multi-layer 
cover cells under stable and subsidence field 
conditions, i n order to evaluate the i r 
performance as infiltration barriers. To 
duplicate the effect s of slumping subsidence 
on the cover cells, a s ys tem for creating 
sub-surface cavities beneath the covers was 
included in the design. Si nce little quanti 
tative documentation of cover behavior under 
subsidence conditions was ava i lable, the 
project also included a laboratory investi
gation of this phenomenon. 

The prototype structures for the labora
tory study were three mult i -layer cover test 
plots that were construct ed at Tyrone , 
Kentucky on pr operty leased from Kentucky 
Utilities Company by the Department of 
Agricultura l Engineer ing. Each pl ot was sub
divided into three cover cells. figure 2 
show s the plan view of the field cover plots. 
A cross section through a t ypical cover cell 
is illustrated in figure 3. The plots were 

figure 2. Plan view of prototype cove r plot s 

constructed in t~ree layers: a bottom 2 ft 
layer of compac ted clay that served as the 
primary infiltration barr i e r , a 2 ft sa nd 
drain layer , and a 2 ft topsoi l, vegetative 
surface layer. Both cover systems were 
constructed over a 3 ft sand bed. Soil auger 
pipes were incorporated in the sand bed s . 
After a 2 to 3 year monitoring period under 
stable conditions, cover subsidence will be 
induced by augering •aterial from the under
lying sand beds. The initial goal of the 
laborator y study was to in vestigate the 
effects of augered cavity size, and initial 
soil moisture content of t he clay barrier 
layer, on the nature and ef fects of 
subsidence . 

Selection of Centrifugal Model ing 

The main force which resu lts i n slumping 
is the soil cover self-weight . Centrifugal 
model testing was selected fo r t his study 
because it is the only laboratory procedure 
which can reproduce the effects of gravit y in 
a reduced- scale model (Al-Hussaini,1976 ). 
The use of centrifugal soil mode ling is 
becoming an accepted method for verifying 
laboratory soil parameters, geotechnical 
design assumptions and safety factor s 
(Townsend and Bloomquist, 1983). It has also 
been applied to complex problems of soil 
response, for which acceptable solutions have 
yet to be developed. (Al-Hussaini , 1976) 

The basic concept of centrifuge model ing 
i s to create a scale model that is similar in 
geometry, material properties, and boundary 
conditions, to the full-scale prototype, and 
to subject the scale mode l t o a radial acce l 
eration via centrifuga t ion such that the 
increase in self-weight stresses i n the model 
matches those at corresponding poi nts in the 
prototype. If the model dimensions ar e 
scaled by a factor l / n as compared to the 
prototype dimensions , then an acceleration 
field of n times the acceleration of gravity 
is required for stress simi l arit y between 
model and prototype. (Chene y, 19821 

figure J. Cross sectional view of a prototype 
cover cel l 
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the slab. Design of the centrifuge support 
frame was based on compatibility with this 
system. Available lab area limited the maxi
mum diameter for the complete centrifuge 
assembly to 12~ Both 110 V and 220 V elec
tric power is available , as are high pressure 
air and water line~ The lab has a complete 
workshop which is useful for constructing, 
maintaining and modifying the centrifuge. 

The centrifuge was conceived as a hori
zontal rotating arm mounted on a vertical 
drive shaft powered by an electric motor. 
The design and construction of the centrifuge 
was broken down into six basic sub-units: 

• sample container and counterweight 
• rotating arm 
• power supply, transfer, control system 
• structural frame 
• sand bag wall and protective housing 
• data collection and slip-ring assembly 

Project funding was limited. Therefore, a 
major design goal was to build a simple de
vice, using stock parts and materials. 
figure 4 shows a cross sectional view of the 
complete apparatus. 

figure 4. Cross sect ion of centrifuge 

Sample Container and Counterweight 

The .main features of the centrifuge 
sample container are illustrated in figure 5. 
Container. design was based on the model size 
limitations imposed by centrifugation as wel l 
as on the following conditions: 

• The minimum clay layer thickness was 0.5", 
based on workability. 

• field cover cells were composed of 2' of 
compacted clay, 2' of sand and 2' of 
topsoil. 

• field cover cells were 20' wide. 
• Augering was expected to create invert ed, 

cone shaped cavities benea th the field 
cover cells. 

• Kahle and Rowla nds (19811 reported that 
most subsidence features at the Sheffield, 
Ill inois low-level radioactive waste 
landfill were 12' in diameter or less. 

0 

@ 
0 

Soll S-L[ 

figure 5. Centrifuge sample container 

Consideration of these factors led to 
the selection of a 1/ 24 model scale and a 
maxi mum prototype cavity diameter of 12' for 
mod e l construction. Ci rc ular models were 
used, to preserve the redial symmetry of the 
prototype send cavities. The sand and topsoil 
layers of the prototype cover s ys te m were 
assumed to provide no resistance to collapse, 
acti ng only as a surcharge to the clay layer, 
end were modeled as a layer of lead shot 
having the same weight a s the equivalent 
depths of the two soil layers. Model covers 
were supported over cavitie s that were 
initially filled with lead shot. Subsidence 
was reproduced by emptying the cavities in 
flight. At 1/ 24 scale, the prototype cover 
was modeled as a l" thick clay l ayer, sur
charged by 0.5" of lead shot. The maximum 
cavity diameter was ~~ 

A 12" diameter plexiglas cylinder housed 
the model and allowed for photography and 
visual observation of the sampl~ The cylin
der was 6" in height, to accommodate a base 
plate, clay layer, and lead shot surcharge, 
end to allow for other model configurations. 
The base plate assembly supported the c lay 
sample and was sized to fit snugly within the 
plexiglas tube. The unit was designed to 
simpli f y the process of creating different 
diameter ca vities beneath the model clay 
layer. The assembly consisted of an aluminum 
ring, a plexiglas ring , and a plaster disk. 
The aluminum and plexiglas rings were bolted 
to the lower aluminum base plate with the 
plaster disk res t ing inside the ring s . A 
conical subsidence cavity and shot removal 
hol e were milled in the plaster disk. lwo, 
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1/ 2" x 14" diameter aluminum plates enclosed 
the container. A groove , of the same 
diameter and width as the plexi glas cylinder, 
was machined into each plate and served to 
lock the cylinder into position. An a-ring 
in each groove served to cushion the 
plexiglas / aluminum contact. A mounting 
bracket, which allowed the cylinder assembly 
to swing freely from the centrifuge arm, was 
bolted to the top plate. A linear voltage 
displacement transducer (LVOTJ was mounted to 
the top plate for date collection purpose~ 
A 7/ B", lead shot release hole, was drilled 
through the bottom plate. Activation of a 
spring-loaded solenoid gate opened the hole 
and allowed the lead shot to fly out of the 
subsidence cavity in the plaster disk. 

The sample container mounted to one arm 
of the centrifuge; a counterweight mounted to 
the other arm. Rotational balance re qui red 
that the sample container and the counter
weight to be of equal mass and that the 
centers of mass of both, be equidistant from 
the center of rotation. To meet these 
requirements, the counterweight's mass could 
be easily changed. Two, steel plates form 
the basic structure of the counterweight. 
Fourteen steel plates, weighing approximately 
5 pounds each, were used for gross balancing. 
As many plates as necessary could be bolted 
together to counterbalance the sample 
container. Fine balance was achieved by 
adding extra washers and nuts to the counter
weight. 

Rotating Arm 

A 2" square, cold-rolled, 1018 steel bar 
was used as the rotating arm of the centri
fuge. The length of the arm was determined 
by the spacial limitations of the Structural 
Engineering Laboratory. The largest possible 
length was desired, in order to minimize the 
deviation of the radial centrifuge force 
field from the essentially parallel gravita
tional force field of the Earth. Allowing 
for the permanent fixtures in the laboratory 
(counters and cabinets), walkways, a protec
tive sandbag wall around the centrifuge, and 
the grid locations of the tie-down system, a 
6.0' arm length was selected. 

A 1.0" diameter hole was drilled through 
each end of the bar. The sample container 
and the counterweight were connected to oppo
site ends of the arm with 1.0" diameter x 
9.0" long steel bars that were passed through 
the two flange bearings in each mounting 
bracket and the hole in the rotating arm. 
Each bar was bolted to the arm to prevent the 
sample container and the counterweight from 
moving laterally due to drag forces. 

A slot was milled into the bottom center 
of the arm to receive the drive shaft. Thus, 
a mechanical connection was created between 
the two components. A 5 / 8" bolt, passed 
through a hole in the arm and screwed into a 
threaded center hole in the drive shaft. The 
self-weight of centrifuge arm, the sample 
container, and the counterweight assembl y 
(approximately 250 pounds ) also acted to hold 
the two pieces together. 

Power Supply, Transfer and Control System 

Calculations based on a radius of 3.75' 
indicated that 2 HP was required to balance 
the aerodynamic drag forces at a ma ximum 
speed of 280 rpm. Accordingly, a 2 HP, 1750 
rpm, DC electric motor coupled to a 5:1 worm 
gear speed reducer was used to power the 
apparatus. 

A gearbelt system transferred power from 
the gear reducer to the centrifuge drive 
shaft. This dri ve system has several safety 
and performance advantages over a direct, 
belt, chain, or gear drive. Slippage does 
not occur at normal loads with this system, 
since power is transmitted by positive en
gagement of belt teeth with pulley grooves 
instead of by friction. As a result, little 
heat was generated during operation, and 
drive-shaft bearing loads are reduced due to 
the low belt tension that is required. In 
the event of a motor or bearing failure, the 
gearbelt will slip and lessen the risk of 
personal injury and/ or destruction of the 
apparatus. 

The dr ive shaft was fabricated from a 
1.5" diameter , 14" long, solid bar of cold
rolled 1018 steel. A keyseat was milled 
into the shaft to provide a positive 
connection with the gearbelt pulley. 
Parallel flats were cut into the upper sides 
of the shaft and hole was drilled into the 
top end of the shaft and t apped to receive 
the 5/ 8" bolt. These two features allowed 
the top end of the drive shaft to be inserted 
into the rectangular slot in the bottom of 
the rotating centrifuge arm, and the two 
units to be securely bolted together. The 
drive shaft was supported in the structural 
frame by two, 1.5" bore, self-aligning, 
re lubr icatible, wide inner ring ball 
bearings. 

The centrifuge pa yload velocity 
(acceleration ) was regulated by a solid state 
speed control unit, which could operate both 
manually and automaticall y. In the manual 
mode, the operator used a potentiometer to 
directly vary the motor speed. In the auto
matic mode, the required angular speed was 
input to the control unit, which then accel
erated the centrifuge to this speed at a pre
selected linear rate. A light emitting diode 
panel , which displayed the centrifuge speed 
in rpm, and a feedback circuit which limited 
speed fluctuations, were available in both 
modes. The controller also allow ed for 
direct input and output via a microcomputer 
system. 

Support Structure 

The supporting structure for the centri
fuge consisted of a square base frame which 
tied the other system components together and 
a box frame thal supported the dr ive shaft. 

The dr ive shaft s upport frame was con
structed of two, 0.5'' steel plates, and four 
pieces of 3x3 struct ural tubing. The two 
plates were drilled to receive the 1.5" bore 
drive shaft bearings, which were bolted down 
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at the c ente r o f each plate. four pieces 
0.62 5" diameter threaded rod, which passed 
through the top plate, the steel tubes, and 
the bo t tom plate, served to ti e the drive 
shaft support frame together end to secure it 
to the base frame. 

The base frame was 4~0" square and was 
constructed of struc t ural tubing in a nine
squere grid pattern. The center square had 
15" long sides that corresponded to the 
dimensions of the drive shaft support frame. 
Hole.s were drilled through the four outside 
corners, and the frame was sec ured to the 
floor using the existing structural tie-down 
system end connectors. Rubber strips were 
cemented to the bottom of the frame to dampen 
vibrations generated by the centrifuge. 

The electric motor end gear reducer were 
bolted to a 0. 5" stee l plate, which was also 
bolted to the base frame . The motor, 
reducer , end plate moved as a single unit. 
In this way, the gearbel t could be removed or 
instal led wi thout changing the motor/ reducer 
shaft e l ignment. 

Slip Ring Assembly 

Thirteen c ircuits (including the centri
fuge frame ) were available for signal trans
fer t o and from the centrifuge payload. A 
two circuit sl i p ring assembl y, unsuitable 
for prec ise data co llection, wa s used to 
activate the solenoid. A ten circuit asse m
bl y was available for more sensitive applica
tions. Four circuits we re used to pow er and 
receive data f rom the LVDT in this stud~ 

Protective Housing 

For safety reasons , a 12 ft, diameter 
sand bag barrier wall was construc ted around 
the centrifuge. A 9 ft, diameter x 27 in. 
high, sheet metal housing end a plywood cover 
were cons tructed i nside the send bag well to 
reduce the wal l drag coefficient and to re
duce the centrifuge "fen" action. The ply
wood cover wa s hinged to allow access for 
model testing and centrifug e maintenance. 
The t en circuit slip ring assembly mounted to 
the cover. 

EXPERIMENTAL PROCEDURE 

Data Collection 

The date re co rded for each test is 
listed below. 

• model scale factor 
• centrifuge speed 
• radius to the sample container's centroid 
• cavity geometr y 
• number of blows for clay layer co~action 
• clay layer weight 
• clay layer moisture content values 
• lead surcharge we ight 
• init ial and subsided elevations of points 

on the surface of the c l ay layer 
• time allowed for pore pressure dissipation 
• midpoint s ubsidence of the clay layer 
• photographs of the subs ided clay layer 
• qualitati ve description of the test 

Surface elevation measurements were made 
with a dial -gauge. A template was temnor 
eril y attached to the test capsule, and used 
to locat e the points to be measure~ It was 
made from a 15" square sheet of plexiglas, 
with dial-gauge guide hole s drilled on 0.5" 
centers in a 23 x 23 grid pattern. Each hole 
was identified by a set of reference coordi
nates. 

During each test, subsidence was 
recorded by monitoring the mid-point deflec
tion of the soil layer. The LVDT mounted on 
the top plate of the sample container wa s 
used t o convert the moveme nt of a surface 
displacement probe into a voltage that was 
linked to a strip chart recorder via the slip 
ring assembly. Physi cal connection between 
the LVDT end the probe was made with a ba l
anced lever, which minimized the additional 
load applied to the soil sur f ace. The elapsed 
time end the LVDT output e s reed from a 
voltmeter, were written down on the chart 
record at regular time interval s during the 
test end when rapid changes in deformation 
were observed. 

Preps rat ion of the Soil 

Representative samples of the soil used 
to construct t he prototype clay barrier 
layers were obtained from the fiel d site and 
transported to the l aboratory, where the y 
wer e s ir dried end broken into fragments. 
Pieces of rock larger then 0.5'' in diameter 
were picked out by hand during t hi s process. 
The soil was further broken up by passing it 
through a crushing machine. It wa s then 
passed through a No. 4 u. S. standard sieve 
and stored in 5 gal. plast ic buckets. 

Prior to testing, a quant i ty of soil was 
weighed out and a moisture content determina
tion made for the meter isl. The volume of 
water needed to increase the soil moisture 
content to a selected value was calculated. 
Tep water from the Kentucky Ri ver, the source 
of water applied to the field plots, was 
added to the soil. Blending of the soil and 
water was accomplished by hand mi xing. The 
soil was then returned to the plastic 
buckets. To minimize subsequent moi sture 
loss, a we t rag wa s also placed in each 
bucket. The soil was allowed to cure for at 
least 48 hours before testing to allow time 
for uniform water distribution among t he soil 
particles. 

Compaction of Soil Specimens 

The compaction mold for the clay s lab 
was mad e of e 0. 5" thi ck x 11.5" d i ameter 
alum i num plate that wa s bolted to e 14" 
square x 1.5" thick steel base pl ate. Before 
preparing a new soil specimen, the plex i gles 
tube from the centrifuge test.capsule was 
slipped down over the aluminum plate to form 
the mold's si de wall. The insi de of the 
compaction mold was lightly coated with a 
commercial vegetable oil spray, to prevent 
soil from sticking t o t he sides end base of 
the mold. The quantity of soil needed for a 
particular test configuration (see Table 51 
was t hen weighed out from storage and imme-
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The motor speed was incremented at a 
constant, predetermined rate, to accelerate 
the payload from the initial 5 rpm rotational 
speed to that required for the test. The 
final centrifuge speeds and the corresponding 
start-up time intervals for each test config
uration are listed in Table 5. The required 
speed was maintained for 5 minutes to assure 
that the soil layer and the other components 
were fully seated in the test capsule. Power 
to the motor was then cut off. After the 
centrifuge came to rest, the cover was 
reopened. The L VDT input and output voltages 
were readjusted. The chart recorder was 
checked for a zero reading. The housing 
cover was closed and the centrifuge wa s 
brought up to the required speed in the same 
manner as before. 

The test capsule was accelerated for 60 
to 120 minutes to allow for the dissipation 
of excess pore pressure. The chart recorder 
speed was increased. The solenoid was acti
vated, releasing the lead shot end forming 
the cavit y beneath the soil specimen. The 
chart recorder speed was reduced after a 
period of 5 minutes or after rapid changes in 
LVDT output were no longer observed. Accel
eration was continued until collapse of the 
clay layer was indicated or until the oper
a tor decided to terminate the procedure. 
Power to the motor was then cul off. After 
the centrifuge came to rest, the cover was 
reopened and both pa yloads were removed. 

Post-test Procedures 

The test capsule was disassembled, the 
deflection probe removed, and the lead shot 
emptied from the cylinder. The template 
sheet was reattached and a final set of sur
face elevation measurements were taken. The 
soil specimen was removed from the cylinder 
and weighed. Photographs were taken of the 
upper and lower surfaces of the specimen as 
well as of an y unusual feature s that were 
observed. A description of the sample's 
post-test condition was written down. F"our 
samples were removed from the specimen for 
moisture content determination. 

RESULTS AND DISCUSSION 

Description of Soil 

Model tests have been carried out using 
soil from the prototype clay barrier layers. 
The material was a silty, inorganic clay 
(CHJ. Table 6 lists some properties of thi s 
material. 

Behavior of Model Clay Layers 

To date, centrifuge model tes ts have 
been conducted in which the clay layer mois
ture content (wJ and the subsidence cavity 
diameter were varied. Preliminary findings 
from these tests are summarized below. 

Three responses were common to all tests. 

• Smell displacements were recorded for 
every test as the centrifuge was brought 
up to speed. These initial drops have 
been attributed to the re-seati ng of the 
movable components in the sample con
tainer with increased acceleration. 

• During the pore pressure dissipation 
period, rapidl y decreasing rate s of 
displacement were observed during al l 
tests. This behavior was probably caused 
by consolidation of the clay layer. 

• Measurable subsidence of all clay layers 
was recorded at the instant of cavity 
formation. F"or dry soils and/ or small 
cavities, the magnitude of subsidence 
was small. No apparent changes in the 
clay layers were visible. F"or wet soils 
and/ or large cavities, immediate col
lapse resul led. 

The design moisture content of the 
protot ype clay barri er laye r s wa s 27% ( 2% 
above optimum ). Test results for model 
layers compacted al 27% moi sture and under 
mined by a range of cavity diameter s are 
shown in F"igure & 
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Model subsidence response at 
optimum moisture content 

Table 6. Properties of Soil Used in Centrifuge Studies 

Optimum moisture content (standard Proctor ) 
Ma ximum dry densit y (standard Proctor ) 
Percent sand 
Percent silt 
Percent clay 
Specific gravity 
Liquid limit 
Plasti c limit 
Plasticity index 

80 

25 ~ 
98 pcf 
25 ~ 
37 ~ 
38 % 
2.82 
57 % 
26 % 
31 l'O 



All 6 inch cavity tests (12 ft field 
equivalent; at 27% moisture content resulted 
in immediate failure of the clay layer (total 
collapse with severe cracking;. All 2 inch 
cavity tests (4 ft field equivalent ; were 
stable, showing no evidence of cracking or 
collapse during the periods of acceleration. 
Tests with 4 inch cavities (8 ft field equi
valent; exhibited the full range of subsi
dence behavior. As a result, 4 in. cavities 
were used in most tests. 

Results from 4 inch cavity tests, for 
moisture contents ranging from 26.7'9 to 
28.7'9, are illustrated in Figure 7. The 
curves in Figure 7 indicate that clay layer 
subsidence behavior is highly sensitive to 
the moisture content at compaction. 
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Model subsidence response with 
4 inch diameter cavities 

The observed subsidence behavior of 
model covers undermined by 4 in. d iameter 
cavities is summarized below: 

• Initial subsidence was recorded at the 
sample midpoint in all cases. Values 
ranged from 0.02 in (.04 ft field equi
valent ) at 4.5% below optimum to 0.125 in 
(0.2 5 ft ) at 4.5% above optimum. 

• For moisture contents below optimum, sub
sidence tended to occur without cracking 
and without visible slumping. 

• For moisture contents greater that optimum 
but less than 2'9 above opt imum, clay 
layers tended to remain stable following 
cavity formation. However, radial 
cracking of the lower surfaces, circum
ferential cracking of the upper surfaces, 
and slumping was observed. 

• For moisture contents greater that 2'9 
a bove opt i mum but less that 2.4% above 
optimum, collapse tended to occur after a 
period of slow deformation. 

• For moisture contents greater than 2.4'9 
above optimum, rapid collapse tended to 
occur immediatel y after cavity formation. 

CONCLUSION 

The severe problems which hazardous 
waste landfill sites have experienced due to 
trench cover subsidence dictate that method
ologies be developed to better understand 
this phenomenon. This study was initiated to 
develop a laboratory procedure for examining 
these processes. Centrifugal model testing 
was determined to be the best experimental 
technique for small-scale studies, primarily 
because of its abil ity to duplicate the 
forces and resultant stresses which lead t o 
failure in the field. The scope of this work 
was limited to clay layers subjected to 
"slump", a type of subsidence characterized 
by localized void spaces beneath the cover. 

Pending verification of test results , 
this experimental methodology will be used 
to: 

• estimate the largest cavity that can be 
spanned by a given trench cover 

• estimate the time to cover failure when 
this cavity diameter is exceeded 

• estimate the degree of subsidence cracking 
and slumping for application to infil
tration studies 

• develop recommendations for subsidence 
resistant landfill cover designs 

• investigate the influence of other para
meters on subsidence 

• investigate the physical mechanisms of 
subsidence 
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CENTRIFUGE PREDICTION OF EGRESS SYSTEM PERFORMANCE 

R.M. Schmidt, N.E. Funston, V.T. Webbeking, K.R. Housen, K.A. Holsapple and M.E. Voss 

Boeing Aerospace Company, M/S 13-20, Seattle, WA 98124 

Hard silo basing requires missile canister egress through a layer of blast-compacted soil 

debris on the order of 15 to 20 feet thick. This is analogous to the puJJ out of a shaJJow 

soil-anchor for the 16-foot canister closure under consideration. Anchor design formulae 

have been developed by numerous investigators over the past 25 years; see attached 

references, especiaJJy the literature search by Gurtowski (1984). AH of these results are 

based upon laboratory model test data and in some cases are supported with finite 

element code analysis. A common conclusion is that break-out mode and maximum load 

depend greatly upon soil strength properties. Recently, Ko (1982) suggested that the 

morleling fidelity of subscale egress could be improved by conducting laboratory tests on a 

centrifuge, and performed a suite of tests using a typical Yuma desert soil. 

The work described here is an application of the centrifuge technique as a prediction 

method in the design of a fuJJ-scale field demonstration test to be conducted in March of 

1985. Two approaches to the egress problem were employed. 

In the first approach, five generic soil types were used in an attempt to determine egress 

load in terms of soil properties. For each soil type, direct shear tests were conducted to 

estimate strength properties, as a function of dry density and moisture content 

(Godlewski, 1984). Maximum loads required for egress were measured for various scaled 

debris depths. The centrifuge data were cast in nondimensional form and used in a step

wise second order polynomial regression analysis. This provided a design prediction 

equation in terms of measured or estimated soil properties, which can be used for system 

studies. This equation is stiJl under development; however a preliminary version based 

upon specific results (<liscussed below) of just three density variations of the Engineering 

Test Bed (ETB) soil is shown in Fig. 1. Here, F is the peak load observed during egress; P, 
c and ~ are the soil density, cohesion and friction angle; g is gravitational acceleration; h 

is r1ebris depth and d is closure diameter. 
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FIGURE 1 
CORRELATION OF LOAD COEFFICIENT VV'ITH AVE SH EAR STRESS 
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The second approach was to use the centrifuge model to directly simulate the anticipated 

field event using an "identical" soil. The success of this method depends upon the fidelity 

of the soil model representing the debris embankment to be placed in field. Here, samples 

of the actual ETB soil were obtained from DOE pit 400. The nominal field condition is to 

place this soil at a density corresponding to the standard Proctor (ASTM D698-78). 

Load histories from a model of the model test are compared in Fig. 2. The result from 

test 37 A-9E[) is for a 4-inch diameter model closure run at 64G. It can be compared to 

the result from test 43A-OED, which is for a 2-inch diameter model run at 128G. Peak 

scaled loads are in good agreement, however load decay with time is more rapid for the 

larger closure. This is attributed to a grain-size effect that governs the rate at which 

material faUs through the emerging rupture gap in the soil around the closure. Both 

models were run at a constant strain rate corresponding to a full scale velocity of 12 

inches/second. 

To examine the range of loads that can be expected due to extremes in soil placement, 

centrifuge tests were conducted at three different densities, all at the same moisture 

content, nominally 5%. The three curves shown in Fig. 3 are for soil densities that 

correspond to modified Proctor (MP) compaction (ASTM Dl557-78), standard Proctor (SP), 

and "quarter" Proctor (QP) using an ener~y of compaction equal to 25% of the standard 

Proctor. The left ordinate shows the pressure in the actuator corresponding to the total 

load as shown on the right. The curves are based upon a least squares fit to the ETB data 

using the values for soil mechanical properties measured by Godlewski (1984). A typical 

value for one standard deviation in the region of 15-foot debris depth is approximately 50 

psi. Reproducibility of the centrifuge results is on the order of 5%. This plot provides the 

current best estimate for the upcoming fu11-sca1e field test. 
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An investigation of the Bearing Capac ity of Footings under 

eccentric and inclined loading on Sand in a Geotechnical Centrifuge 

by R. G. James* a nd H Tanakat 

* Assistant Director of Research, Cambridge University Engineering Dept . 

t Senior Research Engineer, Port & Harbour Research Institute, 
Yokosuka , Japan 

Abstract 

The results of centrifuge model tests on the behaviour of flat 

and conical footings on dense sand are reported and compared with the 

standa rd bearing capacity formulae for veritcal, horizontal and 

eccentric loading. 

Introduction 

The wo rk reported in the paper is part of an SERC research 

program conducted at the C.U.E.D. in relation to the behaviour of 

conical f oundations (spuds) of Jack-up platforms . This program 

c overs the behaviour of plane c ircular foo t i ngs and coni cal footings 

on sand and on thin layers of sand overlying soft clay - however the 

results reported here will be mainly confined to the behaviour of 

flat circular f ootings on sand under inclined and eccentric load i ng . 

The pract i cal situation of a jack-up rig that one is attempting to 

model is illustrated in Fig . 1. That is the jack-up rig is floated 

onto the drilling site, the legs are lowered to the sea bed raising 

the platform (hull) above the sea surface and then preloading the 

foundations (spuds ) by ballasting the hull with water. 

The ballast (preload) i s then removed prior to coDDDencing drilling 

operations during which the foundations may be subjected to environ

menta l forces s uch as wind, wave and tidal current, as well as the 

vertical self weight forces of the rig. This results in the footings 

being subject to verti cal and horizontal forces Pv and Ph and to a 

moment M. A typical spud foundation is illustrated in Fig. 2. 

Although i n the past many research workers have investigated the bear

ing capacity problem, e.g . Terzaghi, Meyerhof, Brinch-Eansen, Ticof 

~uhs and 1·1e iss and many others. 
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The majority of this work has been conducted with small scale 

model footings at comparatively low stress levels thus the standard 

formulae involving bearing capacity factors in common use, quoted 

below in equation 1 have in general only been validated with data 

based on such models, there being very little data at sizes and 

stress levels appropriate to prototype scale footings and of course 

very little indeed appropriate to conical based footings . 

q 

where q is the vertical bearing capacity stress, 

Sc, Sq, SY are footing shape factors 

Ne, Nq, Ny are the bearing capacity factors 

for cohesion , surcharge, and self-weight respectively, and vary 

exponentially with the angle of internal friction qi, 

C is the soil cohesion D is the depth of overburden 

and B is the breadth or diameter of the footing. 

(1) 

Typically Sc, Sq and SY have v alues of 1 for strip footings 1.2, 1, 0 . 4 , 

respectively for square footings and 1. 2 , 1, 0.6 respectively for 

circular footings. 

For the case of eccentric and inclined loading of strip footings 

on sand equation 1 is often modified as shown in equation 2 below. 

q 2e) f 1 - 2a 12 f 1 - 2BeJ2 [1 - ~)2 ~yBN 
B l -;-j yDNq + l 4>} y (2) 

where e is the eccentricity at the point of action of the force on 

the base of the foundation measured from the centreline of the 

foundation and a (which must be less than ¢ ) is the inclination of the 

force to the vertical (see fig. 3). 

If such equations are to be of use for the case of full scale 

spud foundations then they need to be v alidated at appropriate stress 

levels for both flat and conical based footings. 

The aim of this paper is to provide some of the data for such 

validations by presenting data from centrifuge model tests at stress 

levels more appropriate to full-scale footings. In addition data on 

t he load displacement behaviour under eccentric and inclined loads 

will also be presented. 
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The Test Program 

In view of the sparsity of data at different stress levels for 

flat based footings most of the tests were conducted with flat based 

c ircular footings. The program of tests that has been achieved so 

far is summarized in Table I . 

The tests about to be described below were conducted on the 

Cambridge 10 m diameter Geotechnical centrifuge. 

The tests covered vertical, horizontal and eccentric loading of 

50, 75 and 100 mm diameter flat footings and vertical loading of a 

120 mm diameter conical footing with an apex angle of 120° on dense 

Leighton Buzzard sand (BS 14/25 ). 

Four sand specimens were prepared by pouring with voids ratios 

in the range of 0.47 to 0 .49. 

The footings were made from a duralumin alloy with a good 

quality machined finish giving a coefficient of friction with the 

Leighton Buzzard sand in the region of 0.20. 

The loading system i s illustrated in Fig . 4 and had a capacity of 

about 10 kil c~ 2000 lb) vertically and 2 .5 kN c ~ 500 lb) horizontally. 

Photographs of the apparatus may be seen in Fig. 5. 

The tests were conducted at g levels covering the range 10 to 

60 g . Thus in the case of the 50 mn diameter model footing this 

corresponded to prototype diameters in the range 0.5 t o 3 . 0 netres. 

The sand specimen container was 762 mm x 762 mm square in plan 

with adepthto the base of the sand of about 200 mm. (Bricks were placed 

in the bottom of the specimen container in order to reduce the amount of 

sand required to prepare a specimen). Due to the relatively restricted 

capacity of the loading system it was not always possible to fail a 

footing at the planned g leve i as a consequence in many cases multi

stage tests were conducted, i.e. having yielded a specimen - say at 

40 g and also having reached the maximum capacity of the loading system 

the load would b e removed and the g leve l then reduced to say 20 g, 

and the footing reloaded to yield. Subsequently the g level may again 

be reduced to say 10 g and the footing again reloaded to yield and 

then eventually t o failure. Typical loading pat hs are shown in Fig . 6. 
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Some Typical Results 

Vertical loading 

Initially it was necessary to explore the effects of stress 

level or the so-called scale effect. This was most easily achieved 

by considering the results obtained from tests Sl, S3 and S2, which 

were conducted on 100, 75 and 50 mm diameter footings respectively. 

These footings were brought to failure at 1 g, lOg and 60 g, corres

ponding to footing prototype diameters of 01. m, . 75 m and 3.0 m, 

respectively. In order to appreciate the very marked scale effects 

these results are presented in Fig . 7 as Ny and N y * plotted against 

Bny where Ny* is given by q = 0.5 YBNy * and SYNY = Ny*• B is t he 

f ooting diameter, n is the number of gravities and y the s o il uni t 

weight at 1 g. Sy is taken as 0.6 for a circular footing. Also 

indicated in this figure for comparative purposes are the results of 

Terashi ~t al (1984) and King et al (1984). 

All of the results indicate a very marked scale effect and in 

the case of the present authors' results going from a 0 .1 ~diameter 

footing to a 3 m diameter footing reduces the NY values by a factor 

of 3 which corresponds to a reduction of~ of about 6°. 

Since the restricted capacity of the loading system did not 

allow a satisfactory modelling of models at failure, such modelling 

of models was restricted to investigating load displacement behaviour. 

Load displacement results from the same three tests, i.e. Sl, S3 and 

S2 carried out at 3 0 , 4 0 and 60 g i.e. corresponding in each case to 

a 3 .0 metre diameter prototype are presented in Fig. 8 in prototype 

terms. 

If the modelling were perfect then instead of three slightly 

different curves that can be seen in the figure, there would only 

be one. Thus at first sight it appears that the world of geotechni

cal centrifuge modelling is indeed an imperfect one, however there 

are reasons why one might expect the curves to be slightly different. 

The main reason is possibly the influence of the boundaries of the 

container and in particular the influence of the depth of the sand 

laye r (hs ) whi c h was only.195 m which is comparable with the footing 

diameters, i.e. f o r mode l footing diameters of .1, .075 and .05 m 

the dep th to footing diameter ratio (ho/8 ) is 1.95, 2.60 and 3.9 respect

i ve ly. Plots of the vertical stiffness Ry (where K.y = qv;av and is 
<Tl 
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B times the slope in Fig. 8) against depth/diameter ratio hs~ for 

fir st loading and reloading are shown in Fig. 9 . It is e vid ent that 

for both first loading and re~oading that as the depth/ diameter ratio 

decreases the s o il foundation is apparently stiffer. Also indicated 

in this figure are curve s based upon an elastic solution (Paulo£ & Davis 1968) 

al lowing for the influence of a rigid base at finite depth . It 

the r efor e seems that the majority of the discrepancy between the 

three curves in Fig. 8 may be accounted for by the influence of the 

base of the sample container box. It is also apparent that in order 

to obtain a 'perfect' modelling of models it may be desirable to 

correctly scale the container as well as the model! 

In respect of tests performed with eccentric and inclined load

ing some typical results (tests S7 and SB) are shown in Figs. 10(a) 

(b) (c) . Three paramete rs are plotted in each figure against hori

zonta l displacement, viz, the rat io of horizontal stress to vertical 

stress , the vertical displacement. and the rotation of the footing. 

It is evident from the curves of q~v versus horizontal dis 

rylacement that t h e b ehaviour i s not precisely symmetric, however 

sinc e positive values of eccentricity and inclination are smaller 

when plotting t he data only the positive side of the l oading loop will 

b e considered . Pia. 11 shows the fai l ure enveloped for horizontal 

l oad at zero eccentricity . Also presented are the data of Ticof (1977) 

and Muhs & Weiss (1973). The two b ounding curves to the Ticof data 

are for ~* = [ 1 - ; r whe r e a= tan- 1 [:~) (3 ) 

whe re Pv* is the vertical load capacity (Pv) at zer o horizontal load 

(Ph ) and zero ecce ntricity. 

~ has been taken as 4 9° and 40° . 

The line through the authors' data i.e . o = 11.3° represents a 

reasonable lower limit t o the centrifuge data obtained at 20 and 40 g. 

I t is evide nt that most of these data points lie on the sliding limit 

of the envelope however the point at Pv,pv* = 0.5 is at the changeover 

point to vertical bearing capac ity failure as evidenced by the 

direction of the displacement vector. 

Note that the footings used by J ames & Tanaka had a max 6 value 

of about 11.3° corresponding t o a friction coefficient of 0 . 2 whereas 

Ticof used rough sandpaper on the base of his footings allowing him to 

develop much larger 6 values. 
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Fig. 12 is similar to Fig. 11 but now includes data and a 

failure envelope for the case of an eccentricity of 15 mm 
e 

(footing diameter 75 mm . . 
B 

0. 2) • 

The failure enveloped at e ~ 15 mm has been obtained from 

= f 1 - 2e)2 f 1 - ~ii 
l B l ~J 

(4) 

and has been evaluated for ~ = 40° . - Again most of the data points 

lie in the sliding failure range however the displacement vectors at 

Pv = .25 and .345 indicate a changeover into the vertical failure mode. 
p * ·v 

Thus from the present data, 

fail ure envelope defined by Pv 
p * v 

appears that the albeit very limited, it 

f 2e)2 [ a 12 
= 1 - - 1 - - I for 

l B ~J 
eccentric 

a nd vertical load seems conservative, provided the lower portion 

of the envelope is cut off by the line Ph Pv tan o -
Pv* Pv* 

Pv 
The validity of the eccentricity yield locus i.e. 

Pv* 

is of course supported by the findings of many other workers and here 

in Fig. 13, Fig. 17 of Terashi et al (1984) is reproduced, demonstra

ting clearly that this e xpression is a reasonable lower limit estimate . 

Conical Footing Results 

Typical results of the tests on the 120 mm diameter conical 

footing are shown in Fig. 14. 

The hollow circles are for the total vertical load P against 

vertica l displacement and the solid black circles are the average 

vertical stress q* i . e. q* = Ph\s where As is the area of a plane 

section through the cone at the level of the sand surface. 

There is a difficulty on the centrifuge in establishing the 

complete loading displacement relationship for a cone since with a 

simple experimental arrangement it is necessary to start the test with 

an initial vertical embedment of the cone of some 20 to 30 mm, which 
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in prototype terms say for a 1ooth scale model could represent 

2 . 0 to 3.0 metres! In order to circumvent this problem multistage 

tests were performed, i.e. the cone was penetrated at 4 0 g frcm 

. 0205 m to . 0215 m (at which displacement the full capacity of the 

loading system was reached). This is plotted in prototype terms in 

Fig. 15 on the curve labelled 40 g , i.e. upto a load of about 3.5 MN 

the displacement remains steady at .82 m (.0205 x 40), then yield 

occurs and the vertical displacement increases to 1.1 m ( . 0275 x 40) 

at which point the cone is unloaded and the centrifuge acceleration 

reduced to 20 g thus in effect giving us a smaller prototype cone 

at a smaller embedment. That is the 20 g penetration test now 

commences at a vertical embedment of .55 m (.0275 x 20) yield occurs 

at about 2.0 Mil vertical load and the displacement increases to 0 .6 m 

(.03 x 20). The cone is now unloaded and the procedure repeated at 

10 g. Each time yield is reached we may consider that we are back 

on the virgin loading curve and thus the dashed line in this figure 

may be considered as the virgin load dispalcement curve for such a 

cone. The 60 g curve on the righthand side of the figure was obtained 

from the results of Silva Perez (1983). The chain dotted line in 

this figure is calculated employing experimentally determined Ny values 

from the flat footing tests and is for the equivalent flat footing, i.e. 

treating the plane section of the cone level with the soil surface as 

a surface footing . I t is apparent for this particular case that the 

cone has approximately \ the capacity of the equivalent flat plate. 

Conclusions 

Initial e xploratory centrifugal testing of circular footings on 

sand indicate a very strong dependence of the self weight bearing 

capacity faotor 

expression Pv 

p * v 

NY on stress level. The failure locus given by the 

f 1 -
2
ef [1 - ~1 appears t o be conservative 

\. BJ 4>J 

however the lower portion of the yield locus must be cut off by a 

straight line 
p 

v tan o where tan o is the coefficient of 
PV* 

friction between the footi n g and the sand. 
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Modelling of Models with respect to the load displacement behaviour 

of a 3. 0 m diameter prototype flat footing gave a "satisfactory" 

correlation. Initial results for conical footings indicate that in 

this particular case, i.e . a 120° cone angle and o ~ 11° the vertical 

bearing capacity is about \ of that of the equivalent flat plate at 

the surface. 
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[est 
No . 

S-1 

S-2 
j 

S-3 

S-4 

S-5 

S-6 

S-7 

S-8 

Footing di a.of e pre load 
· type footing 

(MN/m
2

) *) (mm) 

F 100 0 0 

F 50 0 0 . 

F 75 0 0 

F 75 - JO 2.2 
e=-0 

F 75 20 2.3 
ecO 

c 120· 0 0 

F 75 0 0 

F 75 15 l.R 
e=l5mm 

*) F = Flat footing 
C = Co.nical .footing 

**) V c vertical loading 
E c ec~entric loading 
H c horizontal loading 

ground void 
No. ratio 

1 0.489 

1 0.489 

2 0 . 487 

2 0.487 

3 0.490 

3 0.490 

4 0.471 

4 0 . 471 

TABLE I - S~ND TESTS 
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unit loadi ng 
wcighJ 
(kN/ro ) **) 

17. 87 v 

17.87 v 

17.89 v 

17 . 89 v E 
, 

17.85 v E 

. 17. 85 v 

18.08 v H 

18 . 08 VHE 
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Fig. 2 spud c a n of jack-up rig 
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A semi-analytical approach based on harmonic representa

tion of displacements in the circumferential direction and 

finite element discretisation of the medium in the radial and 

vertical direction has been used to develop dimensi onless 

parameters for the analysis of laterally loaded single piles. 

Parameters are given for piles embedded in half-spa ce in wh i ch 

the elastic modulus is either constant or proportional to 

depth. 

Results of centrifuge tests on latera l ly loaded sing le 

piles embedded in medium dense dry sand are compa red wi th 

those computed using subgrade reaction and e l ast i c cont i nuum 

models. It is observed that the elastic t heorie s are 

~ppl i cable at deflection levels of less than about one-hal f 

to one per cent pile diameter. 

117 

l 

l 

I 
I 
I 
I 

' 

I 
I 



I 

' 
' l 

l 

t 

f 

t 

I 
I 
{ 

1. Introduction 

Analysis of piles subjected to lateral loads is 

commonly carried out by replacing the soil support either by a 

spring bed or by an elastic continuum. The spring bed model 

has been studied by many investigators and has been refined 

to consider variations of horizontal subgrade reaction with 

depth (e.g. Reese and Matlock 1957, Davisson and Gill 1963). 

For cohesionless soil it is considered adequate to assume that 

the horizontal subgrade reaction is proportional to depth and 

based on field and laboratory data, several recommendations 

have been made in regard to the value of the proportionality 

constant nh (Terzaghi 1955, Reese et al 1974, Davisson and 

Sulley 1970). Procedures for considering the non-linear 

behaviour of soil have also been introduced in this model 

through the use of p-y curves. 

Solutions based on continuum model were first 

obtained by Poulos (1971) using Mindlin's solution for horizontal 

load within a homogeneous half-space. Recently the boundary 

e lement method (Banerjee and Davis 1978) has been applied to the 

problem of laterally loaded piles. In these approaches arbi

trary inhomogeneity in the soil deposit cannot be considered. 

The finite element method based on harmonic representation of 

displacements in circumferential direction can be used for 

analysing a pile subjected to a lateral load. Randolph (1981) 

used linear strain triangular elements and proposed simple 

express ions for analysing flexible piles. 

In the first part of the present paper dimensionless 
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parameters based on finite element analysis are presented in 

simple form for analysing the behaviour of flexible piles in 

homogeneous elastic half-space and in a half-space in which 

the elastic modulus is proportional to depth. 

In the second part of this paper results of lateral 

load tests on single piles carried out in a centrifuge are 

presented and discussed with a view to identify some of the 

main trends in the pile behaviour. 

2. Parametric Study on Long Piles 

In many instances it may be expedient to assume that 

the modulus of elasticity of soil either remains constant with 

depth or has a value proportional to depth. For both of these 

situations the results of the analysis may be conveniently 

presented using simple dimensionless influence factors. Here 

results of a parametric study for long piles is presented. The 

effect of variation of Poisson's ratio of the soil is also 

investigated. 

tlomogeneous Medium 

Consider a pile as shown in Fig. 1 subjected to a 

horizontal load Pt and a moment Mt. Wh en the soil medium is 

homogeneous it is convenient to define a characteristic length 

T given by 

T = 4~ \fr; 
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in which EI is the flexural rigidity of pile and Es is the 

Young's modulus of the soil. 

For given values of L/T, T/D and vs' and for a 

particular depth x = XT, expr~scions for deflection y, slope 9, 

bending moment M, shedr force V and soil pressure p can be 

written as follows 

y = (Pt T
3
/EI) A + (Mt T

2
/EI) By y 

e = (Pt T
2

/EI) A + (Mt T/EI) B s s 

M = (PtT) Am + Mt BID • • • ( 2) 

v = pt Av + (Mt/T) Bv 

p = (Pt/T)Ap + (Mt/T2 ) BP 

From a practical point of view values of Ay, A
5

, By, Bs at 

the top of the pile and the variation of A and B with depth m m 

are of importance. Finite element analysis using eight noded 

elements and harmonic representation of displacements in 

circumferential direction was employed to evaluate these values 

(Chandrasekaran and King, 1982). Tables land 2 give the values 

of A , As·, B and B for L/T = 5 and T /D = 2, 5, 10 and 20 for y y s 

values of Poisson's ratio equal to 0.47 and 0.1 respectively. 

For Poisson's ratio equal to Oo47 the variations of influence 

factors A and B with depth factor X are presented in Figs. 2 
m m 

and 3 respectively. 
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Table 1 

Dimensionless Influence Factors for Piles in a 
Homogeneous Elastic Continuum 

L/T ~ 5 v s - 0.47 x = o.o 

T/D A y As By BS 

2 0.737 - 0.557 o .557 - 0.986 
5 1.063 - o.783 0.783 - 1.230 

10 1.262 - 0.897 0.897 - 1.325 
20 1.411 - 0.974 0.974 - 1.384 

Table 2 

Dimensionless Influence Factors for Piles 
in a Homogeneous Elastic Medium 

L/T ) 5 'J IS 0.1 x = o.o s 

T /D Ay As By BS 

2 o.768 - 0.578 o.578 - 0.976 
5 l.067 - 0.100 0.780 - l.220 

10 l.258 - 0.886 0.886 - 1.311 
20 1.404 - 0.961 0.961 - 1.370 
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Inhomogeneous Medium 

Consider a soil medium in which Young's modulus Es 

varies according to the equation 

• • • ( 3) 

where x is the depth from the soil surface . For a pile having 

flexural rigidity EI embedded in the medium it is convenient 

to define a characteristic length T, as 

T = sftl . \/ m- • • • ( 4) 

For given values of L/T, T/D and vs and for a particular 

depth x = XT, expressions for deflection y, slope 9, bending 

moment M, shear force V and soil pressure p can again be 

written by Eqs. (2) but with T given by Eq. (4). 

Tables 3 and 4 give the values of Ay' As' By and Bs 

at the top of the pile for values of T/D = 2, 5, 10 and 20 

for Poisson's ratio equal to 0.47 and 0.1 respectively. For 

Poisson's ratio equal to 0.47 the variation of A and B with m m 
depth factor X are presented in Figs . 4 and 5 respectively. 

This parametric study indicates that the effect of 

Poisson's ratio on the behaviour of piles subjected to lateral 

loads is not significant and for the same flexural rigidity 

and soil modulus~piles of larger diameter give less deflection 

and bending moment. 
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Table 3 

Dimensionless Influence F~ctors for Piles 

in Inhomogeneous Elastic Medium with E
5

=mx 

L/T > 5 

T /D 

2 

5 
10 
20 

v = 0.47 s 

A y As 

1.285 - 0.974 

1.804 - 1.289 
2.099 - 1.441 
2.310 - 1.543 

Table 4 

Dimensionless Influence Factors 

x = o.o 

By 

0.974 

1.289 
1.441 
1.543 

for Piles 
Inhomogeneous Elastic Medium with E = mx s 

L/T > 5 \) s = 0.1 x = o.o 

T /D Ay As By 

2 1.334 - 0.998 0.998 

5 1.814 - 1.287 1.287 

10 2.099 - 1.433 1.433 
20 2.310 - 1.534 1.534 
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3. Centrifuge Experiments on Laterally Loaded Piles in Sand 

3.1 Centrifuge 

The behaviour of piles subjected to lateral loads may 

be conveniently studied by conducting experiments in centrifuge 

on scaled models. The modelling principle is dealt with in a 

number of recent publications (see for example Schofield, 1980). 

The experiments were carried out in the centrifuge at 

Liverpool University, U.K. A detailed description of this 

centrifuge is given by King, et al (1984). The machine, a model 

G.380.3A supplied in 1974 by Triotech. Inc. of California, USA 

is shown diagramatically in Fig. 6. The original fixed 

carriages were replaced with swinging buckets in 1979. The 

swinging buckets are 0.57 m long, 0.46 m wide and 0. 23 m deep. 

The swinging buckets have an effective radius of 1.15 m and 

can be operated at an acceleration of 115 g. 

Soil used in the Investigation 

The soil used in the investigation was dry sand f i ne 

grained and uniform. It had an effective size of 150 microns 

and uniformity coefficient of 1.5. About 80 per cent by weight 

had particle sizes between 150 and 250 microns. The sand was 

compacted in layers of 25 to 40 mm thicknes s using han:d 

vib r ator with base dimensions of 100 mm x 150 mm. The unit 

weight of sand as compacted was 16 kN/m3 • Reasona b le re produci

bility of the results was ensured. 
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Pile Properties 

The actual dimensions adopted for the model piles 

were 24.5872 nun OD, 0.3048 mm wall thickness and 330 mm 

length. The pile had an embedded length of 180 mm. The 

material of the pile was 304-SS grade stainless steel with 

an Young's modulus value of 1.9284 x 108 kN/m2 • 

The model piles were instrumented with 12 pairs of 

strain gauges. The strain gauges used were Welwyn make, 

type EA-125 having a gauge length of 3 mm and a resistance of 

120 ohms. They were fixed internally in the tubular section 

according to the procedure described by King, et, al (1984). 

Calibration was done in cantilever position by suspending 

known weights at the free end and recording the half-bridge 

output of individual gauges. All gauges gave near perfect 

linear output in several cycles of loading/unloading. 

Lateral Load Application 

The application of lateral load to the pile cap 

was through a cable attached to a gear box which is operated 

by a 18.6 W, single phase A.C. permanent capacitor reyersible 

motor. The gear box gives a speed reduction from 2800 to 

8 rpm. The motor is operated externally through slip rings. 

The applied lateral load was measured by means of a 

500 lb. Novatech load cell introduced between the cap and 

gear. The horizontal displacement and rotation of the cap 
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were measured by using two LVDT's fixed as shown in Fig. 7, 

to a firm support on the bucket frame. 

The response of the load cell, displacement transducers 

and strain gauges were monitored via slip rings by a Vishay

Ellis 220 recording system which is interfaced to a commodare 

CBM Model 8032 computer. The processed output is obtained 

dire~tly on a printer. 

Results and Discussion 

All tests were carried out at a speed of 206. 68 rpm of 

the centrifuge corresponding to an acceleration of 50 g. Thus, 

the model pile used in this invest igation represents a proto

type steel pile of 1.23 m diameter, 15.2 mm thickness embedded 

in sand to a depth of 9 -m below ground level. 

Lateral load was applied in suitable incremen ts and 

the corresponding displacements and strain gauge reading s were 

recorded. Loading was continued until the head deflections 

reached values of about 10 per cent pile diameter i.e. about 

2.5 mm. Similar observations were made during unloading. No 

permanent deformation was noticed in the pile. 

The deflection and rotation at the load point are 

shown in Fig. 8. Similar readings were obtained in the repeat 

tests. The load deflection curve exhibit three parts : an 

initial linear variation upto about 8 mm deflection corres

ponding to about 0.6 per cent a curvilinear portion upto about 
132 
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50 mm deflection corresponding to nearly four per cent pile 

diameter and a third segment which continues to be linear 

even upto 120 mm deflection corresponding to ten per cent 

pile diameter. A zone of disturbed soil (persumably failed) 

soil was visually observed at ground level in the immediate 

vicinity around the pile. The rotation of the cap also shows 

similar trend except that the curvilinear part occurs over a 

smaller range of deflection. 

By back-analysis the rate of increase of horizontal 

subgrade reaction nh was determined by matching the deflections 

at levels corresponding to one half and one per cent pile diameter 

with the help of coefficients developed by Reese and Matlock 

(1956). The corresponding nh values worked .out to 25676 kN/m3 

and 19929 kN/m3 • The pile length to characteristic length 

ratios L/r at these deflections were 3.73 and 3.55 respectively. 

It may be noted that these values are only slightly smaller 

than the lower limit for long flexible piles. 

The results were also back-analysed using the elastic

half space model in which the elastic modulus is proportional 

to depth and pile is considered to be flexible. The propor

tionality constant m for elastic modulus was found to have 

values 9246 kN/m3 and 6987 kN/m3 for 0.5 and 1.0 per cent 

deflections at the ground level. It may be seen that even 

within the small deflection range of one per cent, there is a 

large variation in the model parameters nh and m. This indicates 

that linear theories have only a limited applicability tn the 
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prediction of pile behaviour • 

The bending moment distributions along the pile 

length computed by both the approaches are shown in Fig.9 

along with the experimental values. Both the distributions 

agree reasonably well with the observed values in the upper 

half of the pile while there is some difference in the lower 

half. The estimates of maximum bending moment and the corres

ponding depths are also in reasonable agreement with the 

experiment. 

The above analysis shows that the choice of model 

parameters is of importance for prediction of pile behaviour 

by the subgrade reaction as well as continuum models. In 

this respect the subgrade reaction theory is less helpful for 

design purposes since the nh parameter is not unambiguously 

related to basic soil properties. 

4. Conclusions 

Dimensionless factors are presented in a convenient 

form for analysing flexible piles embedded in elastic half

space in which the modulus of elasticity is constant or 

proportional to depth. 

The centrifuge experimental results show that with a 

judicious choice of appropriate parameters the behaviour of 

single piles can be predicted fairly closely at deflections less 

than one half per cent pile diameter. At large deflection 

levels the non-linearity of soils becomes increasingly important. 
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TESTS OB PILES DISTAIJ.Jrn Ill FLIGHT OR THE CDTl.IFUGE 

DITl.ODUCTION 

* by M. A. AU.ARD 

With the development of much larger piles up to three meters diameter 
and one hundred and fifty meters in length, simple extension of empirical 
rules has been difficult and engineers have been forced into studying the 
mechanics of pile-soil interaction, during driving and under stati c load. 

Prototype scale field experiments on the stress field around driven 
piles are difficult to carry out because of the variability of soil, and 
problems of installation of pressure transducers near the pile. In 
consequence, the few results available are inconclusive or unsatisfactory as 
a basis for theoretical comparisons. It has therefore been proposed to 
perform a number of pile experiments in the Caltech centr ifug e. 

For this investigation, an apparatus capable of driving or pushing a 
pile in flight on the centrifuge had t o be desi gned and built. Several 
bearing capacity tests were then made with the pile driv en in flight to 
compare with tests done with the pile driven at lg. 

The pile driving and pile pushing mechanisms designed at Cal tech are 
described, and some results of bearing capacity tests are presented in this 
report. 

THE PILE DR.IVIRG MECBA.IHSM 

This mechanism has been specially designed to fit into the pi le test 
container which cons ists of a long cylindrical vessel, 22 in. high and 6 in. 
diameter, directly mounted on the centrifuge arm. 

Its structure is in two parts. 
The first part, the fraae, consists of two columns held together by two 
circular plates. One plate of aluminum is fixed a t the base of the columns, 
the other of lucite is near th e top (its height is adjustable). The plates' 
diameter is slightly smaller than 6 in.. Each column has two diametri cally 
opposite rows of notches equally spaced (1/8 in.), over a length of 8 in., 
which is the driving len g th. The second part, the carriage, consists of a 
horizontal beam that slides up and down the columns. Ratchets are pldced on 
the ca rriage such that when in position they fit into the notches of the 
columns and prevent upward movement of the carriage relative to the frame. 

* Graduate Student, Division of Engineering and Applied Science, 
California Institute of Technology , Pasadena, CA 91125 

140 



The mechanism is suspended by its columns to two horizontal rods 
connected together above the container (see Fig.I). The frame is fixed 
inside the container. A small air-driven piston ("Tiny Tim") is attached on 
top of the carriage. The pile is placed underneath the carriage and will be 
forced down into the soil by the piston, as shown in Fig.2. 

1st sketch: the stroke of the piston is near its minimum, the pile is 
resting in the soil and supports the carriage. 

2nd sketch: the stroke is at its maximum, the pile is hit, and by the 
impact given by the hammer the pile is forced down into the soil. The 
teflon sleeve slides along the guide, therefore preserving a connection 
between the pile and the carriage to maintain good alignment. 

3rd sketch: due to the effect of gravity the carriage slides down 
until it rests on the pile again. Because of the ratchets, upward 
movement is prevented and only downward motion of the pile is 
permitted. 

These sequences are repeated and the pile is driven into the soil. The 
frequency of the piston strokes is 4Hz. 

To prevent tilting of the pile during its driving a teflon guide 1s 
placed in the bottom circular plate. 

THE PILE PUSHIIfG MECHABISM 

This is the same overall mechanism as for the pile driving one. The 
"Tiny Tim" is removed and the pile is fixed to the carriage. The frame is 
suspended by its two columns to the two hor izontal rods that hinge from a 
fulcrum bolted to the lip of the container. The outer hydraulic piston 
al ternately pushes and pulls on the two rods. It then transmits an up and 
down translation to the frame with respect to the container. As before the 
carriage will undergo only downward movement relative to the frame. See 
Fig.3. 

1st sketch: reference configuration; the piston is in the lower 
position. 

2nd sketch: the piston is going up, pushing the frame up. It can be 
seen that only the frame undergoes an upward movement. The carriage 
subjected to the centrifuge acceleration will slide down the frame, and 
the ratchets will occupy a new position further down the colomns. 

3rd sketch: upper position of the piston; the pile is still at the 
same leve 1. 
4th sketch: the piston is going down, pulling the frame down. Because 

the ratchets prevent upward motion of the carriage relative to the 
frame, the whole mechanism is forced down. Hence the pile attached 
beneath the carriage is forced down into the soil. 

5th sketch: final configuration after one complete cycle of the 
piston. 

These sequences are repeated and the pile 1s driven into the soil once 
every cycle of the piston. 

The downward movement of the pi le is co ntrolled by re gulating the 
stroke of the piston. 
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BEAJl..IBG CAPACITY TESTS 

Several bearing capacity tests on piles driven in flight were done 
using the pile pushing mechanism. 

The model pile (a 3/8 in. diameter, 10 in. long, and 0.03 in. thickness 
aluminum tube with a bottom cap) was driven at SOg in a dry fine Nevada sand 
with a unit weight of 105 pcf. 

Instrumentation 

The carriage is instrumented with strain gauges connected to form 
a Wheatstone bridge. This then constitutes a load cell with which to measure 
the load applied to the pile during and after driving. 

The depth of the pile is calculated from the output of a rotary 
potentiometer which is fixed to the upper circular plate and connected to 
the carriage by a string and pulley system . A soft spring is used to 
maintain continuous tension of the string. 

A Linear Variable Differential Transformer (LVDT ) , connected be
tween the upper circular plate and the top of the container, is used to 
indicate the movement of the piston, and therefore of the driving mechanism. 

Test procedure 

The test proceeds in two parts: 

1) The centrifuge is spun up to the test acceleration of SOg. The pile is 
then driven into the soil, to a given depth, where a bearing c apacity 
test is performed. This test is named type (A). 

2) The centrifuge is stopped so that relaxation of the soil occurs, but all 
other conditions are pr ese rved . The centrifuge is then brought up to 
SOg again, and a second bearing capacity test is do ne on the pile at 
essentially the same depth as before. This test is named type (B) . 

Preliminary results 

Bearing capacity tests have been done in the past in the centrifuge 
with the pile driven into the soil at l g and the test itself performed at 
Ng. The present test procedure is such that by stopping the centrifuge and 
allowing relaxation of the soil, the conditions of the pile driven at lg are 
recreated. By preserving the other conditions, namely the soil and position 
of the pile, the two type of t e sts can be compared . Th e only difference 
between the tw o tests lies in the stress conditions around the pile. 

Figure 4 is a comparison of t ypical load versus penetration curves for 
tests A and B. Th e resu l ts obtained show that in the second procedure the 
bearing load of the pile i s smaller. The values are about 7 s: of the actual 
values obtained f r om the fi rs t procedure. 
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Conclusion 

From these tests it is apparent that the pile must be driven in flight 
in the centrifuge to correctly represent the stress distribution around it. 

Experiments are in progress at Caltech to investigate the stress field 
around a pile during driving. 

John Lee, research engineer at Caltech, and Mike Becker, former Caltech 
studen~ contributed significantly to the design and construction of the 
mechanisms. 

The author is grateful to Chevron Oil Field Research Company and Union 
Oil Foundation for financial support of this research. 
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1 

CENTRIFUGAL MODEL TESTS FOR ULTIMATE 
BEARING CAPACITY OF FOOTINGS ON STEEP SLOPES 

IN COHESIONLESS SOIL 1/ 

By 

Mark C. Gemperline 
Bureau of Reclamation 

Analytical methods that are frequently used to predict the ultimate 
bearing capacities for shallow spread foundations on slopes yield 
widely varying solutions. As a result, the allowable foundation 
bearing pressures used for design are selected conservatively. This 
leads to the construction of shallow spredd foundations that may be 
larger and more costly than necessary. 

To address this situation, the Department of the Interior, Bureau of 
Reclamation, initiated a research program to evaluate the state of the 
art as it pertains to predicting the ultimate bearing capacity of 
shallow spread foundations located on or near slopes; to experimentally 
determine the maximum bearing pressure of four prototype shallow 
spread footings using scaled models; and to compare test results with 
state-of-the-art analytical solut ions. 

Test equipment was fabricated to permit ~odel footings to be loaded 
and their response to be measured at accelerations 100 times that of 
gravity. The model test results were compared with the results of 
theoretical solutions obtained using limit analysis and limit 
equilibrium, as well as methods suggested by G. G. Meyerhof, 
J.E. Rowles, J.B. Hansen, and J. P. Giraud. 

1/ Gemperline, Mark C., Centrifugal ~odel Tests for Ultimate Bearing 
rapacity of Footings on "Steep Slopes in Cohes i onl ess Soil, Report -
No. REC-ERC-1f4-T0,8ureauof"Reclamatf0il, Denver, --C-olorado, 1984. 
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ABSTRACT 

RELATIONSHIPS FOR MODELLING WATER FLOW 
IN GEOTECHNICAL CENTRIFUGE MODELS 

by 

Deborah J. Goodings 
University of Maryland 

Appreciation of the importance of water pressures in the behavior of soil 

was a major turning point of modern soil mechanics, and correct prediction of 

the pressures and assessment of the effects on soil has remained fundamental 

to geotechnical design a nd research. Replication of the pore fluid behavior in 

saturated and partially saturated soil is therefore critical to effective modelling, 

although this ideal cannot always be achieved . Furthermore, d ifferent pore fluid 

events will take place at different rates in a reduced scale centrifuge model, 

influenced by the reduction in scale a nd by the increase in self-weight, depending 

on the nature of the flow. For example, seepage will be governed by different 

laws depending on whether the soil is saturated or partially saturated. Once 

seepage water emerges and drains away as surface runoff, other laws will govern 

its runoff behavior, and erosion, governed by still other rel a t ionships, may change 

the soil profile causing slope instabil it y. 

This paper will investigate the relationships between centrifuge model and 

prototype water effects under steady state and transient seepage conditions, in 

saturated and unsaturated soil, as well as those relationsh ips which dictate 

erosion and other effects of surface water on soils. In most cases the paper 

will be based on relationships already existing in t he literature, although in areas 

where this is found tc be incomplete, new analysis will be developed . 
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Abstract: 

Unexpected Scaling Effects in Flow Through 
Centrifugal Models of Pe rmeable Soi ls 

by: Debo rah J. Goodings 
Univers ity of Maryland 

Submitted to: ASCE Geotechnical Journal 

Presented at: Sy.nposi um on Recent Advances in 
Geotechnical Centrifuge Modelling , 
UC Davis Ju l y 1984 

Expe ri mental verification of modelli ng laws governing flow of water 

through cent ri fuge models of permeable so ils is not common in re search 

literature. This articl e exami nes three studies of flow thr ough centri fuge 

models of embankment dams in which the shapes of the observed ph reatic 

surfaces were no t as expected, and may be indicati ng scaling effects. In one 

instance, a change in phreatic surface was associated with a change in flow 

regime from laminar to transitional at hi gh accelerations . In t he other two 

cases, migration of fin es and their accumulation downstream in the embankment 

appeared to have been re sponsi bl e for distorti on in t he lamina r flow phreati c 

surfaces; there is specul~tion that th is also may be a result of a scaling 

effect. 

For both behaviours, the scaling effects will be fu ncti ons of part icle 

size distribution, hyd raul ic gradient and centrifuga l acceleration. These may 

offer the r educed scale modeller opportunities to observe fl ow behaviour which 

normally is very difficult to model at lg . Alte r natively , they may be 

important scaling effects to avoid, and may cause restrictions on the smallest 

model scal e that may be selected while still ensu rin g hyd raulic similitude i n 

model and prototype . Verification of the absence or presence of t~ese effects 

is an import an t preli mi nary step in models wit h high rat es of through f low. 
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PHYSIC AL AND NUMERICAL SIMULATIONS OF 
SUBSIDENCE IN FRACl URED SHALE STRATA 

BY 

Herbert J. Sutherland 
Lee M. 1 aylor 

Sandia National Lab1Jratories 
Albuquerque, New Mexico 87185 

and 

Steven E. Berizley 

Brigham Young University 
Provo, Utah 8ll602 

1 he motions of fracture shale strata that overlie a void of increasing siLe are 

studied using physical and numerical simulations. The physical simulation is 

conducted on the Sandia 25-F oot Centrifuge, the largest operating centrifuge in 

the United States. The physical model described here is composed, primarily, of 

fractured Devonian shale (to simulate a jointed overburden). For the model scale 

of ISO, the experiment simulates an overburden of 86.3 m. The void beneath this 

strata is 7 .62 m high and its width is increased in four steps from 0 m to 106. 7 m. 

1 he experiment shows the progressive failure of the overburden, the formation of 

a failure arch, and, eventually, the formation of a surf ace subsidence trough. To 

gain insights into the phenomenology of failure mechanisms and the influence of 

joints (fractures) on the displacement of the shale strata, the physical simulation 

is analyzed using three numerical techniques. The first is the "BLOCKS" model 

thcit treats the rock strata as an assemblage of blocks. The equations of motion 

for each block are solved using an explicit integration operator. The displace

ments, rotations and collisions of each block are calculated in the model. The 

other two techniques are bi3sed on finite element techniques and the previously 

described "rubble" element. The first finite element model uses an explicit 

formulation for each joint in the overburden and the second incorporates the 

joints directly into the element. In the former, the joints are treated as "slip 

surf aces" and in the latter the joints are formulated in a continuum theory as a 

"ubiquitous joint" element. The predictions of these analyses agree with the 

response of the physical model. 
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PHYSICAL AND NUMERICAL SIMULATIONS OF SUBSIDENCE 
ABOVE HIGH EXTRACTION COAL MINES 

by 

Herbert J. Sutherland 
Albert A. Heckes 

Lee M. Taylor 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

Modeling the failure and settlement of strata above mine openings requires 
a knowledge of several different geomechanical processes such as the failure of 
the rock mass above the opening, the fall of this mass into the opening, the 
associated bulking of the rock rubble, and the recom paction of the rubble under 
subsequent loading. These processes are studied in this paper using physical 
models and analytical models. The former are based on centrifuge simulation 
techniques, and the latter on numer ical techniques. The centrifuge experiment 
described here simulated the response of a shale overburden after being 
undermined by a long wall panel. Th is simulation shows progressive failure of 
the overburden, the formation of a failure arch, and the formation of a subsidence 
trough. The data from these experiments are analyzed with a numerical analysis 
scheme called "BLOCKS." T~is model treats the overburden as an assemblage 
of blocks. The equations of motion for each block are solved using an explicit 
integration operator. The d isplacements, rotations and collisions of each block 
are ca I cu lated in the mode 1. 
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PART III 

SOIL DYNAMIC AND EARTHQUAKE APPLICATIONS 



DYNAMIC BEHAVIOR OF FOUNDATIONS: 
AN EXPERIMENTAL STUDY IN A CENTRIFUGE 

B. Hushmandl 

SUMMARY 

Correctly-scaled rigid model structures with foundations of different 
shapes and sizes resting on the surface or embedded in a cohesionless soil 
were subjected to forced vibrations in their coupled rocking-sliding mode in 
a centrifuge. A medium-dense fine sand was used in the experiments and the 
centrifugal acceleration was equal to 50 g. For the dynamic loading of the 
model structures, a miniature shaker was designed to produce s t eady-stat e 
shaking of the models in a low to high amplitude vibration range. The 
response of the model structures to the input dynamic motion was measured by 
acceleromete rs and pressure and displacement transducers. Results of the 
experiments indicate that almost in every t est, the foundation li fts off the 
soil surface and the soil at the edge of the foundation-soil contact area 
yields. The yielded zone gradually moves inward as the number of vibration 
cycles or amplitude of vibration increases. Therefore, the foundation-soil 
system behaves non-linearly under the effects of both lift-off and plastic 
deformation of the contact soil. 

1. INTRODUCTION 

Recently, t he response of dynamically loaded foundations has received a 

good deal of attention. This arises from the growing need to des ign dynamic 

load-resistant foundations and to include the effect of the ground behavior on 

the overall response of the structures. 

Ana lysis and design of foundations under low-amplitude dynami c loads such 

as those generated by machine vibrations and vehicular traffic were the original 

reasons for consideration of this problem. Howeve r, research in earthquake 

engineering and dynamic behavior of structures under other sources of high

amplitude loads such as those generated by bomb blasts, or loading due to sea 

wave action has demonstrated a need to improve the dynamic models of buildings 

and other structures by including the soil-structure interaction effect. 

Many investigations of both an analytical and experimental nature on the 

dynamic response of footings have been conducted . For analysis, different 

approximate methods have been used in studying foundation vibration problems, 

such as "In-Phase Mass" method (Crockett and Hammond 1949, Rao 1961), or 

1Earth Technology Co rporation, Long Beach, CA 90807; formerly graduate student, 

Calif. Inst . Tech., Pasadena, CA 91125 
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"Dynamic Subgrade Reaction" (Hayashi 1921, Terzaghi 1943, 1955, Hetenyi 1946, 

Barkan 1962). However, elastic-half-space theory has r eceived the grea t est 

attention . Because of its idealized nature, ce rtain mathema t ical simpl ifica

tions which are not quit e realis tic had t o be introduced. Ove r many years, 

the gap between the results of this theory and real-l ife behavior of foun

dations has been narrowed. These half-space studies are mainly conce rned with 

dynamic response of r igid foundations which can be divided into two basic 

groups: (1) resting on the soil surface, and (2) embedded in t he soil . In 

the majority of these investigations ci rcular fou ndations are considered and 

the soil medium is simulated by a homoge neous i sotropic elastic half-space. 

The early analytical solutions were based on the classic work by Lamb who for

mulated and solved the problem of a harmonically varying point fo rce acting on 

the surface of an elastic half-space. Using his solut ion many inves t i gators 

solved the foundation vibration problem by considering a pr escribed s tress 

dis tribution over contact areas of regula r geometry s uch as ci r cular, strip, 

or r ectangula r shapes (e.g . Reissuer 1936, Sung 1953, Bycroft 19 56, Thomson 

and Kobori 1963). These solutions were followed by mixed boundary-value 

treatment of the problem in which a n oscillating d is placeme nt is prescribed 

in the loade d r egion and stresses are defined ove r the r est of the boundary 

surface (e.g. Veletsos and Wei 1971, Luco and Westmann 1971). To improve 

the mathematical mode l o f the problem, other continuum mo de ls such as 

viscoelastic , layer ed , poroelastic subgrade, etc . have been conside r ed (e.g . , 

Hoskin a nd Lee 1959, Ve l e tsos a nd Verbic 1973 , Kausel 1974, Luco 1974, Halpern 

and Christiano 1982). 

Foundations of most structures such as bu i ld ings, machines, nuclea r power 

plants, e t c . , are usually placed partially below the soil surface . This has a 

g rea t effect on the vibration characte r is tics of t hese footings and has been 

much investigated in recent years. Several analytical methods, including the 

finite element method, have been used (e . g ., Baranov 1967, Novak and Be r edugo 

1971, 1972, Bielak 1975, Kuhlemeyer 1969, Kausel 1974). 

All these theoretical me thods for analyzing the dynamic response of 

foundation-soil systems are based on a number of simpl ifying ass umptions 

regarding soil properties and sys t em geomet ry . In particular, r eal non- linear 

hysteretic soil properties are gene rally not included, or are app r oxima t ed 

on l y . As a r esult, t he app l ica tion of theoretical results i s quest i onable in 

many cases , s uch as, in particular, high amplitude vi bration of the founda tion 

soil system during strong earthquake g r ound motion. Therefore there has 
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existed a great need for experimental studies to calibrate theo retica l tech

niques and to clarify the ambiguities produced by using simplified mathemati 

cal models. 

Experimental studies on the dynamic behavior of surface and embedded 

foundations have been reported by many investigators. Barkan 1962, Novak 

1960, 1970, Fry 1963, Drnevich and Hall 1966, Beredugo 1971, Stokoe 1972 , 

Tiedemann 1972, Erden 1974 and many others studied the vertical, torsional, 

rocking and sliding modes of vibration of surface and embedded footings. 

All the experimental work cited above has been performed on model or 

small prototype footings in the field or in the laboratory. Since the stress 

conditions on a soil element have a considerable effect on its behavior under 

both static and dynamic loadings it is expected that a soil mass behaves dif

ferently under full-scale and model condi tions. Runni ng full scale tests on 

foundations comparable in size and weight with foundations of r eal structures 

is very expensive and in some cases even impossible. Because of the limi ta

tions in the one-g testing of model or full-scale foundations the best approach 

appears to be to conduct properly-scaled shaking test s on model foundations in 

a centrifuge. This technique is described more in the next sections . 

2. CENTRIFUGE MODEL TESTING 

Most soil properties depend on continuum stresses which are generally 

gravity-induced. Thus, in order to have the same stress conditions on soil 

elements at two homologous points in model and prototype unit weight of model 

material should be scaled properly to produce same confining stresses . For a 

geometrically similar model N times smaller than its prototype we should have 

where 

YM unit weight of model mate r ial 

Yp unit weight of soil in prototype 

This can be achieved either by choosing a model material with a density N 

times the density of the prototype soil or by increasing the gravitational 

acceleration on the soil at the model scale . It is more convenient to use 

prototype mat erial, but to increase the gravitational acceleration by the 

lineal scale factor N. Thus, if a l/SOth scale model, made of the same 

material as the prototype is subjected to a gravitational a ccele ration SO 

times that of the prototype, the confining stresses, and thus the properties 
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and behavior of the model, are the same as in the prototy pe. A centrifuge is 

a machine that can provide model gravity as desired (Bucky 193 1, Pokrovsky and 

Fyodorov 1975, Scott et al 1977). 

Since in this research rigid prototype footings of d i f ferent sha pes and 

sizes were simulated using model footings with high rigidity compared with 

soil stiffness, only the geometrical and inertial characteristics of the 

models were scaled to the required ratios. Table I l i sts t he r e l a t i ons 

between prototype and model (centrifuge) parameters when a centrifuge is 

employed (Rowe 197S, Scott 1977). 

In the experiments described here, N was chosen to be SO, so that model 

dimensions were l/SO of the prototype linear dimensions, and the model 

(centrifugal) acceleration was SO times normal terrestrial g ravity. 

3. EQUIPMENT 

The centrifuge used is shown in Figure l and has been described e lsewhere 

(Scott et al 1982). The capacity (payload) of the c entri f uge is about 10,000 

g-lbs. This means that at 50g's, the maximum l oad of mode l st ructure , soil 

and container that it can sustain is about 200 lbs. A miniature air-driven 

c ount e rro tating mass shaker was designed for st eady-sta te fo r ced excitation o f 

the model structures in their coupled r ocking-sliding mode of vibration. 

Be cause of its small size, r easonable f orce amplitude out put, and h igh va l ue 

of freque ncy r esponse, it forms ideal loading equipmen t fo r a ny dynamic t es t 

i n centrifuge. The main part of the shaker i s a three gea r a r rangeme nt 

(Figure 2), two of them in parallel in the horizontal p lane a nd t he third one 

a vertical gear that transfers motion of the l ower horiz on t a l gear t o the 

u pper one in the opposite direction. Two fl ywhee ls made f r om phe nol i c , a 

light and strong composite material, are a ssembled on the pa r a llel gea r s a nd 

have counte rrotating motion. Compressed a ir wa s used as t he source of ene r gy 

to run the shake r. Air flows with ve ry hi gh velocity f r om t wo nozz l es on t he 

s ides o f the s haker pushing f orward c ircular cups ma ch ined on the ci r cum

fe r ence o f the lowe r flywhee l. Different eccentr i c masses can be used t o 

a dj u s t the f orce o f vibration inde pendently of t he shake r s peed . The maximum 

freque ncy output of the shaker a t 50g ce ntrifugal accelera t ion was about 750 

Hz wh i ch is e quivalent to 15 Hz prototype f r equency and i ts out put f o r ce 

amp l i tude varied f r om very small va lues up t o few pounds depe nd ing on the 

a mount o f eccentric mas s and speed o f the shake r. Othe r pr op er ties o f the 
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TABLE I . Sc aling Relat ions 

?cnameter Full Scale Ce n trifugal 
(Pr o t o type ) Mo del a t Ng ' s 

Acce l e ratio n 1 N 
Linear d imens i o n 1 l / N 
Ar ea 1 l/N2 
Vo lume 1 l / N3 
St r ess 1 1 
Strain 1 1 
Force 1 l/N2 
Ma s s 1 l/N3 
Mass density 1 1 
Weight density 1 N 
Time (dynami c ) 1 l/N 
Time (conso lidation) 1 l/N2 

Frequency 1 N 

TABLE II. Pr upertic,; of the Air-Dr i ven Shak e r 

Diameter Height Ecc entricity Height o f We ight 
(in) (in) (in) Center of (lbf) 

Gravity 
(in) 

1. 7 3 1. 38 0 .7 4 0 . 67 0 . 2 3 

TABLE III . Pr op e rties o f the Model s Used 
in Different Parametr i c Studie s 

So i l-Fo undatio n 
Parameters 

Footing Shape 
& Size: 
Ci r cu l ar Mode l 

Model 
Square 
Rectangular 

Ecentric Mas s 
o f Shake r Mode l 

Mod e l 

I 
II 

I 
II 

Depth Of Embe dment 

We igh t 
(lbf) 

0 . 97 
1. 8 5 
1. 85 
1. 85 

1. 75 
1. 8 5 

1.47 

Mass Momen t of 
Ine rtia (lb- in2) 

8 . 71 
11 . 08 
11.08 
11 . 08 

9 . 08 
11 . 08 

7 . 85 
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Mode l Prope r t i es 
He ight o f Cen 
ter o f Gravity 

(in) 

3 . 66 
3 . 75 
3 . 75 
3 . 75 

2 . 75 
3 . 75 

3 . 1 0 

Mas s Moment 
of Inertia 
(lb - in2 ) 

0 . 08 

Foo t i ng Se mi
Dimens ion 

(in) 

1. 0 , 1 . 25 , 1.50 
1. 0 , 1. 2 5 , 1.50 
1. 0 , 1 . 25 , 1.50 
See Fig . 1 2 

3 . 00 
2 . 50 

3 . 00 
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shaker are summarized in Tahle II. Frequency of the shaker was measur ed by a 

frequency counter, an LED, a photocell, and a number of reflecting s ilver 

strips bonded to the upper surface of the shaker. 

The model structures used were all rigid hollow or solid aluminum 

cylindrical and rectangular tubes attached to rigid footings of different 

shapes and sizes. At 50g the models simulated prototype structures with 

footings of 8 ft to 15 ft diameter, masses of 121 kips to 266 kips, and mass 

moment of inertias (with respect to an axis passing through the base) ranging 

from 47,000 kips-ft to 92,000 kips-ft. Figure 3 shows the model structures 

and the model footings used in the experiments. The characteristics of the 

models are summarized in Table III. 

The model towers were instrumented with three Entran model EGA-125F-500D 

miniature accelerometers to record the tower motion at different elevations in 

order to measure the acceleration components of the coupled rocking-sliding 

mode of vibration. Horizontal displacement components of the models in the 

direction of applied force and the transverse direction were measured at the 

top of the tower using a double axis optical transducer, Model PIN-SC/lOD 

obtained from United Detector Technology, Inc. In addition four Entran Model 

EPF-200-50 pressure transducers were mounted on the bottom surface of the 

footings to measure the contact pressure distribution along the diameter 

(Figure 4). The accelerometers were calibrated by placing them in the centri

fuge at known rotation speeds and recording their outputs at corresponding 

centrifugal acceleration. Calibration of pressure transducers in order to 

measure the absolute pressure amplitudes introduces some difficulties because 

of soil-structure interaction effect between transducer and soil (Weiler and 

Kulhawy, 1982). Pressure transducers were calibrated by placing them on the 

floor of a bucket full of water or a uniformly dense sand while spinning the 

centrifuge at different centrifugal accelerations. This calibration technique 

provides an approximate measure of absolute pressures and a precise measure of 

relative pressure amplitudes. Thus, pressure distribution configuration can 

be reliably evaluated. 

All the signals were suitably amplified and filtered to eliminate high 

frequency noise, passed through slip rings, and then recorded digitally by an 

analog-to-digital convertor (ADC) and a microcomputer system. 

The soil used in the tests was Nevada 120 silica sand in a dense (104±1 

pcf) dry state. The soil container was a 12 inch diameter 10 inch deep alumi

num cylindrical bucket . 
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COLLECTION OF TOWERS, FOOTINGS AND MASSES USED IN TESTS 

FIGURE 3 

r 1 = 0.0' 

r2 =2.1' 

r3 = 4.2' 

r4 = 6.3' 

PATTERN OF PRESSURE TRANSDUCER HOUSINGS ON FOOTINGS 

FIGURE 4 

162 



4. EXPERIMENTAL PROCEDURE 

Dr y Nevada Fine Sand (NFS) was placed in the centrifuge bucket to a pre

determined depth and density. The soil surface was leveled and smoothed par

ticularly where the footing was to be located. Next, the model structure with 

appropriate transducers and the air-driven shaker was securely placed on the 

sand . In the embedded foundation tests, after locating the tower on the soil 

surface, more sand was placed around the tower and compacted carefully t o the 

required density and depth of embedment. After the centrifuge was brought up 

to required speed the shaking machine was run through a range of frequencies 

while the tower motions were recorded at different frequencies of the oscilla

tion. The signals were recorded by the data acquisition system (ADC) and then 

accessed by the micro-computer and stored on disks. Data reduction included 

plotting the raw data, calculation of Fourier trans fo rms, filtering of noise, 

sine fitting to calculate amplitude and phase, plotting amplitude versus fre 

quency curves for each test, and fitting the curves by the response of a 

single degree of freedom damped oscillator to determine resonant frequency and 

equivalent damping of the system. 

S. RESULTS 

The effect of different soil-footing parameters on the dynamic charac

teristics of the model structures and contact pressure distribution measure

ments are presented in the following sections. Results are presented by 

response amplitude curves and plots showing variation of resonant frequency 

with the change of different parameters of the soil-foundation system. The y

axis of the response amplitude curves is expressed in terms of displacement 

and pressure amplitude per frequency squared which is equal to amplitude per 

unit force ratio for an imaginary shaker of unit mass-times-eccentricity 

product. The unit for the y-axis labele d as "Amplitude/ Force" is in "in-sec2" 

for displacement data and "psi-sec2" for pressure signals. In the following 

sections all parameters are given in prototype scal e . 

The static pressure distributions along the diameter of a rigid circular 

footing, 12.S feet diameter, resting on the surface of sand were measured for 

different soil depths (Figure 5). The static pressure distribution for the 

footing on maximum soil depth of 33.3 feet has an approximately parabolic 

shape which is comparable with the theoretical triangular distribution shape 

l63 



-6 -3 

SOIL DEPTH = 33.3 ft 

SOIL DEPTH = 25 ft 

0 

' ' \ 

3 

10 \ 'I 
\ I/ 
\ . 

6 

-~ P/ 
/ \ ._ v · / 

' I 

I 

P !ps i} 

I 

I 
I 

r ( ft ) 

SOIL DEPTH = 16.7 ft 

SOI L DEPTH = 6.7 ft 

STATIC PRESSURE DISTRIBUTIONS ALONG FOOTING DIAMETER 
AT DIFFERENT SOIL DEPTHS 

FIGURE 5 

CJ;. 

MECHANISM OF FOUNDATION LIFT-OFF AND ROUNDING OF THE 
CONTACT SOIL SURFACE 

FIGURE 6 

164 

t 

I 

t 



suggested by Meyerhof (1951) . Both theoretical and observed di s tribut i ons 

indicat e that because of low confining pressure in the sand unde r the edges of 

the footing , it can sustain very little stress, and stre ngth a nd s t if fn es s 

increase towards the center where the sand is more confined. The add i tion of 

the rocking moment during dynamic test will cause further yielding, den-

s if ication and settlement of the soil along the leading edge in addition to 

the initial statically yielded zone and results in more separation of the 

footing and soil along the trailing edge due to foundation lift-off and 

deformed outer zone (Figure 6). Since the vertical load on the footing 

remains constant during the test, for equilibrium the volume under the contact 

stress diagram should vary continuously until the contact soil surface assumes 

a stable configuration. Figure 7 shows the static pressure distribution 

before and after applying the dynamically varying moment and going through 

resonance during a test. It is observed that because of reduction in contact 

width the stress diagram has reverted to a much narrower wedge shape con

figuration . Two distinct dynamic pressure distribution patterns were observed 

depending on the amplitude of vibration. In the case of low amplitude vibra

tion the dynamic pressure amplitude increas es from a minimum value at the 

footing center to a large amount at the footing edge (Figure 8). This con

figuration of pressure distribution remains unchanged until there is some 

yielding and lift-off around the foundation edge, where, a progressive change 

of dynamic pressure distribution along the footing diameter occurs as the 

amplitude increases (Figure 9). 

In two series of tests on model structures with different masses the size 

of the circular foundation was varied keeping all other model parameters 

constant. The resonant f r equency of the model increases approximately 

linearly as the footing radius increases (Figure 10). Figure 11 presents 

similar results derived for square footings. Natural frequency of the square 

footings with equivalent semi-dimensions (equal to radius of a circular 

footing having area equal to that of the square footing) are very close to the 

values for equivalent circular footings . However, the resonant frequenci es of 

square footings are slightly bigger than the ones for equivalent circular 

foundations over the entire range of frequencies of interest. The effect of 

foundation shape on resonant frequency of vibration is shown in Figure 12. 

The length-to-width ratio for rectangular footings was varied while other 

parameters were kept constant. As expected, narrow footings rocking around an 

axis parallel t o their longer side have low values of rocking frequencies and 
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can be excited very easily in their rocking mode of vibration with larger 

amplitudes of motion compared with footings rocking around an axis parallel t o 

the shorter side of footing. 

Increasing the eccentric weight in the shaker inc rea ses t he force ampli

tude at a particular frequency of shaker rotation . This causes higher shear 

strain amplitudes in the soil under the foundation which r esults in more sof

tening and nonlinear behavior of the soil. As a result the r esonant frequency 

of the system decreases while damping and amplitude of vibration increase. 

These phenomena were observed in the e xperiments showing a clea r trend of 

decrease in resonant frequency with increase in the eccentric mass of the 

shaker (Figure 13a). A better physical picture of this phenomenon is pre

sented by depicting the response curves for four tests with di ffe rent s haker 

masses (Figure 13b). 

Increasing the embedment depth of the foundation incr eases t he s t iffness 

of the soil-structure system and therefore results in an increase in na tural 

frequency of the structure. This phenomenon was observed in a series of tes ts 

changing the depth of embedment from 0 to 1.5 times the radius of the tower 

base for both l ow and h i gh Ampl itude vibration (Fi gu r e 14) . As was expec t ed, 
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increase of resonant frequency with embedment is not ve r y large f or high 

amplitude vi bration. This is because of ineffective contact between the cir

cular tower side walls and the soil mass. Stokoe and Richart (1974) in an 

experimental study on model circular footings (8 inch diameter) embedded in a 

dense, dry sand subjected to rocking excitation showed that embedment without 

adequate lateral support was essentially ineffective. The contact pressure 

distribution changes considerably because of embedment. The confining pressure 

in the soil at the footing edge changes from zero to a finite value over the 

range from no embedment to an initial depth of embedment. Figures lSa and lSb 

show variation of pressure distribution with increase of embedment depth by 

comparing the response amplitudes of pressure signals. 

Further parametric studies including tests of foundations on the centrifuge 

and comparison with theory have been performed (Hushmand, 1983). 

CONCLUSIONS 

1. Static pressure distribution for a rigid footing on a dense, dry sand has 
a parabolic shape. 

2. Dynamic pressure at low amplitude vibration increases from center to edge, 
while in case of high amplitude vib ration it r e d11 ct"'.!s t:'l zern :!t the edge 
because of yie lding of the soil. 

3. Resonant frequency of footings increases appr0xi~ately lineRrly as the 
size o f f oundation increases. 

4. Resonant frequency of rectangular footings decreases with an increase in 
length of foundation side parallel to rocking axis. 

5. Increasing eccentric mass of the shaker increases nonlinearity of the 
system, results in decrease of resonant frequency, whi le damping ratio and 
amp litude of vibration increase. 

6. Effect of embedment under high amplitude vibration r educes considerably 
because of loss of effective contact between foundation side walls and 
soil mass . 

7. Results of centrifuge model tests are in reasonable agreement with proto
t ype results in high amplitude vibration tests. 

8. Incorporation of permanent deformation of the contact soil and f oundation
soil separation in the dynamic analysis and design of shallow foundations 
is r ecommended . 
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BEHAVIOR OF A 1UNNEL DURING A RAPID 

EARTIIQUAKE FAULTING EPISODE 

by P. B. Burridge• 

INTRODUCTION 

The Southern California Rapid Transit District plans to construct a 

subway system known as Metro Rail for the Los Angeles area. A portion 

of the proposed tunnel passes through the 45° dipping Hollywood fault at 

approximately right angles and, as shown in Figure l, lies on sandstone 

bedrock 60 feet below the alluvium surface. Probable fault displacement 

is estimated at 3 . 7 feet of vertical offset. Since there have been no 

documented occurrences of the behavior of a modern tunnel subjected to 

fault displacements, information is lacking as to the interaction of 

tunnel and soil, the stress levels to be expected in the tunnel and the 

length of tunnel that will be affected. To help answer these questions , 

a limited series of rapid fault displacement tests was conducted on a 

scaled model tunnel imbedded in soil in the geotechnical centrifuge at 

the California Institute of Technology. This paper presents : a) the 

faulting mechanism used for the fault displacement tests, b) the results 

of two tests, and c) the results of a one-dimensional finite element 

analysis of the tunnel . 

FAULTING MECHANISM 

A device had previously been constructed to simulate the action of 

a 45° reverse fault on the centrifuge (1). As shown in Plates 1 and 2, 

the device consists of a test container with a false floor, the right-

•Graduate Student, Division of Engineering and Applied Science, 
California Institute of Technology , Pasadena, CA 91125 
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hand side of which. together with the end wal 1. is capable of moving 

down 
0 at 4S to the left side which is stationary. The moving portion is 

kept in pl ace until activated by a toggle control supported in a posi-

ti on beyond top dead center (TDC). In its initial position the floor ii 

level, as seen in Plate 1, and the model tunnel is placed on it and 

covered with soil. When the centrifuge is running with the test con-

tainer at the appropriate g-level. and the data acquisition system is 

turned on. the toggle is released by a push from a hydraulic cylinder 

controlled by the operator. Once it passes over TDC, the weight of the 

aoving portion of the box plus soil (with the in-flight acceleration 

level of approxiaately one hundred g's, this aaounts to more than one 

ton) propels it downward to the stops. to the position shown in Plate 2. 

The fault is thereby activated and propagates through the soil to the 

surface. The tunnel and superincumbent soil are displaced as they would 

be in a fault rupture event. 

The vertical offset of the false floor shown in Plate 2 is 1/4 inch 

and represents a 2 foot fault displacement at 100 g. Although the geo-

loaically expected vertical displacement of the Hollywood fault is 3.7 

feet, an offset of only 2 feet was modeled for the centrifuge tests 

since calculations indicated that the full geological offset would 

peraanently damage the instrumented model tube. 

MODELING OF THE PRO'IVl!PE TUNNEL 

The proposed tunnel construction consists of a number of precast 

reinforced concrete slabs bolted together to make one 3-1/2 foot long 

"ring" section, as shown in Figure 2. These "rings" in turn bolt 

together along the tunnel axis to form the complete tunnel. Since the 
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bending properties of the slab units vary along the tunnel axis and 

circumferentially around the cross-section, an equivalent uniform 

prototype section was chosen and a uniform aluminum tube used f or t he 

centrifuge model. The most important property of the prototype tunnel 

to be modeled was the in-plane "ring" stiffness, that is , the stiffness 

associated with deformation of the circular tunnel cross-section. 

Consequently , the inside diameter and the EI per unit length of the 

tunnel were the quantities used to correctly scale the centrifuge model 

tube. The aluminum model tube is shown in Plate 3, instrumented with 

strain gauges for longitudinal flexure (i.e., bending of the tunnel as a 

beam) and transverse flexure (i.e., deformation of the circular cross

section). 

FAULT TEST PREPARATION OF THE MODEL TUBE 

The ends of the model tube were covered to prevent the entrance of 

sand and the tube was placed at right angles to the fault in the test 

container, with the false floor in the raised position. A hard plastic 

sleeve extending to the wall which moves with the fault was placed over 

the rigid end of the tube to accommodate shortening of the box with 

fault displacement and prevent axial compression of the tube. At t h e 

left end of the tube was a 3/4 inch gap between the tube and end wall , 

which became filled with sand once the model overburden was placed over 

the tube for the fault displacement tests. Plate 4 shows the model t ube 

placed in the test container prior to filling wi t h sand and Plate S 

shows the test container after completion of a test with the righ t end 

displaced downward 1/4 inch and the container appropriately shortened. 

Two fault displacement tests were conducted, the first r epresent ing a 
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loose soil condition of 93 pcf unit weight, and the second representing 

a dense soil condition of 102 pcf unit weight. These conditions were 

intended to bracket the range of probable soil conditions at the 

Hollywood site. 

CENTRIFUGE TEST RESULTS 

The prototype longitudinal bending moments and flexural stresses 

for the fault tests at y = 93 pcf and 102 pcf are presented in Figures 3 

and 4. The prototype transverse bending moments and flexural stresses 

are shown in Figure 5 for the 93 pcf fault test. These figures are 

oriented to match Plates 1 and 2 so that points to the right of the 

fault are displaced downward relative to those on the left side of the 

fault which remain fixed. The static pretest values represent the 

tunnel condition immediately prior to fault rupture, the dynamic values 

represent the maximum moments and stresses during fault rupture (unless 

indicated minimum) and the static post-test residual values represent 

the tunnel condition after all transients of fault rupture have died 

away. 

In the longitudinal direction, the maximum bending moment of 

8.6 X 105 kip-ft and maximum flexural stress of 27.1 ksi occur directly 

over the fault for y = 102 pcf. It should be noted that throughout the 

tests the model aluminum tube remained linear in its response and hence 

one would not expect a stress of 27.1 ksi to actually develop in a 

reinforced concrete tunnel. Instead, one would expect such a tunnel to 

yield and fail at a stress of approximately 6 ksi over a distance of at 

least 30 feet either side of the fault as indicated by Figure 3 . 
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In the transverse direction, the maximum bending moment of 59 kip

ft/ft and maximum flexural stress of 10.5 ksi occur 10 feet from the 

fault on the downthrown side for the 93 pcf fault test. The maximum 

transverse flexural stress is noted to be less than half the maximum 

longitudinal flexural stress. 

Figures 6 and 7 show the dynamic characteristics of longitudinal 

bending moment directly over the fault for the 93 pcf test during fault 

rupture. Figure 7 is an enlarged version of a section of Figure 6 show

ing, in more detail, the dynamic response of the tunnel immediately 

after initiation of fault rupture. It is observed that fault displace

ment takes place in less than 0.1 seconds and the time between data 

points is approximately 6 milliseconds (2). 

ONE-DIMENSIONAL STATIC FINITE ELEMENT ANALYSIS 

A one-dimensional static finite element model of the tunnel was 

constructed using planar beam elements. As shown in Figure 8, the beam 

elements were supported by springs at the nodes and the nodal forces 

were computed from the overburden plus a nonlinear correction for soil

tunnel interaction . This correction was additive or subtractive depend

ing on the relative movement between tunnel and soil and its magnitude 

accounted for the softening of soil with increasing strain (2). The 

finite element model was calibrated by adjusting its parameters to 

obtain the closest possible agreement with the static residual 

longitudinal bending moment curves of the centrifuge tests (Figure 3). 

Figure 9 shows how close a match could be achieved. This calibration 

quantified the amount of soil-tunnel interaction experienced during the 

centrifuge tests. 
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In spite of the plastic sleeve placed over the right end of the 

centrifuge tube, shortening of the faulting container dev el oped an ax i al 

force in the tube directed to the right and a shear force directed down

ward at the capped left end of the aluminum model tube. Inclusion of 

the shear force at the left end was found necessary in the analysis to 

match the numerical to the experimental results as shown in Figure 9. 

With the nodal springs and soil-tunnel interaction of the finite 

element model calibrated by the centrifuge test results, the boundary 

conditions were removed from the finite length numerical model to allow 

it to predict the longitudinal bending moments of the infinite length 

prototype tunnel. The predicted longitudinal bending moment profile is 

shown in Figure 10. The maximum moment for the infinite length model 

occurs directly over the fault for the dense (102 pcf) soil test and has 

a value of approximately 6.4 X 105 kip-ft. This compares very favorably 

with the maximum moment for the finite length model and centr i fuge test 

results of Figure 9. 

CONCLUSION 

Despite the finite length of the centrifuge model and the boundary 

effects associated with the centrifuge fault displacement te sts, the 

centrifuge does appear to capture the essential behavior of an inf i nite 

length prototype tunnel during a rapid earthquake faulting episode. 

ACKNOWLEDGMENTS 

The centrifuge and finite element model studies were carri ed out 

under a subcontract between the California Institute of Technol ogy and 

18 1 



. -

,-

Lindvall, Richter and Associates (who were directly contracted by the 

Southern California Rapid Transit District to study the earthquake 

response of the proposed Metro Rail system) . 

The centrifuge tests were performed with the invaluable assistance 

of J. R. Lee while the finite element studies were carried out by 

Professor J. F. Hall. The entire Caltech effort was supervised and 

guided by Professor R. F. Scott. 

REFERENCES 

1. Roth, W. H., Scott, R. F. and Austin, I., "Centrifuge Modeling of 

Fault Propagation Through Alluvial Soils," Geophysical Research 

Letters, Vol. 8, No. 6, pp. 561-564, May 1981. 

2. Lindvall, Richter and Associates, "Centrifuge and Numerical Studies 

to Evaluate Effect of Fault Displacement on Metro Rail Tunnel for 

Southern California Rapid Transit District," July 1984 . 

182 



,_ 
00 
VJ 

HOLLYWOOD 
STATION 

' \ \ 
'\ \ '\ \ 

'' 

GROUND SURFACE 

ALLUVIUM 

--- - - - -,, __ - - - - _ _ _ _ _ CONTACT _ -

CUT a COVER SUBWAY _ _/ 

SCALE 
VERT : l

11

=40
1 

HORIZ : t"= 200
1 

ALLUVIUM 

HOLLYWOOD~ 
FAULT 

SANDSTONE 

\ · 
l l Nl>V"l L RICI! I tR • ASS0CIAlES SUBWAY PROFILE AT HOLLYWOOD FAULT CROSSING FIGURE I Af'hflJu.U l ~(.llht.lS •Hll t to.~1totlUh~ C..l OlOG 'f' 

--- - _. ............................ ......-.. - - -



-00 
~ 

• I 

~\ 
r.\ ... , 

' .... --

·-

,~ .. - ~ F1f . c 
it1< l l 6MtN1t 

JO A AH U CJ YlNfi I 
w utOMll \11110.CO• U aA rPOat 
OP Al 1.0(RIOR WRJAt.(S 

<,,\ I 
... 

-............ Jo 
.......... ''• "'-.."' ... ., 

\!-.,., ~I ,.,. 
, '\\ wO~lt:IN(, POINT ., \ / Of !UHNll ·. ---' '.., '\ - _..,. --

' \\ ,,. .. 
I \ ' o,,. 

\ ''~J'ot, . \, •r,, 

---

' \. 

~ 
\ 

I 
. ~1 
:o/ 
~-

• . ., 
"'< 

' 
' ' 
.. d. 
~, .,, 

<,. 

\ 

\ \. / 

iB ~ &Oll 

-'~-

SECTION A - A 

rt 
SHH t i nf"r 

' \ I 
\ 

\. t '1 G;~twl \ 
' ~.,. U1 

ll4 N Pl - "" ... ,r--· ---- n11 .. , ,, " 3 ,r ~ 1-~ ~ ~ ~ ~G~ ~-- ~ ~ - , 
~ :;. --= -.r-:;-- , ~-.;- -* ~~,,.4---t ~+-"'-f- -11-

SEC TION THRU TUNNEL LININ G 
---~ """itALE 1z· :1;-o: 

~;~~ ~ ~-- ~-- -~ ~~*~:~ -r=~-:~1:~::1::r -
II ~1 ------ .! II I ;1 11 ~ II 

1
1 '• 

H 11 lt II II ~ IJ q II 11 11 II 

~ ~ -e-- ; ~ -r- 4! ~- ,, - f---:~ -- a _. ~~~-=~_.~ , 
._u. ~ - ~ _,,:. " ~~'' -- I.I = - 11..;...;:_ " -=~ =- ~-~ -:::!' "':...-;;;. "'=. 

~-c ____ =-..,::J_~,1L=--roj' 
r~ -- --··---- -'---·-· .. _-::. __ -_ .. . 

SECTION C· C - - -

------

~ - - - ----- ---- I - ~ 

) '- 1. 

TYPE - A 
~ 

,. . ; . 9' . >'·&' - l 
'.' . - I ~ ~ 1 -- :J ---~ I I ~ - -- - ·- -·-- , 

tOJFi\C;Jr-~Jj 1 ~ ~j-· --~~ 11-· . : : -~ ! 
.o· ~k-!tjl!· s + \ H""' .l f!Otll \ \... ~· J_ 1'·1° - Jiti. S1 MM aeo~~ 4. 

SECTION 0 · 0 SECTION E - E ------- -----

1'l·• r,Rou1 f) 
~OlEU'fP> ( 

Figure 2 Struc tural d r awings of prototype tunnel 

/ · 

---

... 
<) 

.~ 

"'"•, ... ( 
'r, 

'•· -~ '· 

~ .... - ·,," 

rt 
I 
ill 

m 
m 

hl 

."v 

rt lo 

rt== J --Y . .:·=-·. 

[ · :J -'- IA1 

.(ii 

• 

'• 
"' 

I ~ lP. 
~ VIE W B- B 

NOTES 
l~N(RAl UOllS \HO"'& N() 

'Z FOP. T'OlfA_.NC l \ SH CWI& NO 

., f"OA r.X>ul Pw6\. tAIJl lillf"'6(,R r10v£ · " "~kl- 1 AND 
60t 1 ..OU Ol1 All !to '> (t O~& un 

• '°'ll D1'-" lN\l()N~ A Rf ·.o A\llR. ' 0 rRo ..._ 1Mt 
1N .,tf!t JOI( ( 

~ All Q; l l Nt ORC! .... (, 8 AG\ ~ti All ~( • 4 fl'fl.A:.!> 
f11 ( (J' 1' .:.~ "' '> ' fD • 

511 Al,.1, Hf 1"'1l'~( !f•,C, jllj\A .. ",Hi\ ll Ol l ~f " l'll\ C\( 0 



- -141 I I I I l -I 
a. - _I 2r ( ~) .:s:. y Static Dynamic FAULT 

\() 

I 
(pcf) residual 

0 
93 ~ 0 

r - I 01- I 102 <> 0 

z 
w 
2 
0 - 8 ~ 

...J 
<t 
z - 6 -
0 
:J 
r -
(.9 

- 4 z 
0 

00 ...J 
IJl 

w 
- 2 Q_ 

>-r 
0 
r 
0 0 
0:::: - 40 -30 - 20 -10 0 10 20 30 40 50 60 
Q_ 

PROTOT YPE DISTANCE FROM FAULT , ft 

Figur e 3 Pr oto t ype longitudinal mom en t s d u e to fau lting in loose so il (93 pc f) and d e n se so il (102 pcf) . 

-



CJ) 

.::t:. 

~ 

(f) 
(f) 

w 
a:: 
I-
(f) 

_J 
<{ 
0:: 
:::> 
x 
w 
_J 
LL 

_J 
<{ 

z -
0 
=> 
I--

,_ L? 
00 z 
°' 0 

_J 

w 
Cl... 
>-
I-
0 
r-
0 
n:: 
Cl... 

...,--

30 

~ Static Dynamic y 
( pcf) residual 

2T / I \ 93 6 0 
I 

I 102 ~ a 

20 

15 

10 

sl ~ FAULT 

0 
- 40 - 20 0 20 40 

PROTOT YPE DISTA NC E FROM FAU LT, ft 

Figure 4 Pro t o t ype l o ngi tudinal s tresses du e to f a ult i n g in l oose s oil (93 pcf) a nd d ense 
s oil (102 pcf) . 

60 



70 
I I I 12 

...- STATIC _J 

z y=93pcf <{ 

w 60 0 Pretest FAULT 0:: 

~-

~ 
::> 

o- a Mox . } Static + 10 x 
~I - I w 

a. - 0 Min . Dynamic I 
_J 

.:it: 
50 LL 

w ~ Post - test Residual 
(/) 8 w 
0:: 

~ 

(/) 
I V> 

w r 40 0:: .:t= 
> <..9 w 
(/) z > z 6 (/) (/) 
<{ w 

_J 30 z Cf) 
0:: <{ w 
t-- 0:: 0:: r t-- r - 4 

()0 w z 20 
(/) 

'-I 0... ::> w 
>- 0... r 0:: >-
0 w 2 t--...- 0... 10 0 
0 r 
0:: 0 
0... 0:: 

0 0 0... 
-40 -20 0 20 40 

PROTOTYPE DISTANCE FROM FAULT. ft 

Figure 5 Prototype tran sverse momen t s and s tresses du e to faul t i ng in l oose s oil (93 pcf) . 



--I 
a. 
·-..:.c:: 

tO 
0 
-
. 

I-
z 
LJJ 
~ 
0 
~ 

_J 

<( 

z 
-
0 
::J 
I-
-
(9 

z ....... 
0 00 

00 _J 

w 
Q_ 

>-
I-
0 
I-
0 
0:: 
Q_ 

- -

Q1--~~~~~~~~--

-2 

-4 

-6 

\ ~) 

-8 160 -80 120 -40 0 40 80 

PROTOTYPE TIME RELATIVE TO INITIATION OF FAULT RUPTURE, sec 

Figur e 6 Prototype longitudinal moment directly over faul t as a function of prototype time dur i ng 
faulting ; loose soil (93 pcf) test. 



'7 - 6 .0 , \ 
a. 
·-.x. 

If) 

0 
-

-6.2 -
I-
z 
w 
~ 
0 
~ -6.4 
_J 

<t: 
z 
-
0 
~ 

I- -6.6 
(.'.) 

z 
0 
_J 

Lu 
Q_ 

>- -6.8 
r-
0 
r-
0 
0::: 
Q_ 

I 

~ ~} 

0 . 1 0 .2 

PROTOTYPE TIME 

- -

(]'\ 
00 

--- ------~- -
0 .3 0.4 0 .5 0 6 

AFTER IN ITIATION OF FAULT RUPTURE, sec 

Figure 7 Pro t otype l o ngitudina l moment direct l y over fault as a function of mag nified prototype time during faulting; 
l oose soil (93 pcf ) t es t . 

L l l ~ 



'° 0 

- -- ... - -

F, 
F2 

0 

SPRINGS 

F3 
b 

SPRINGS -

d 
F4 --F5--JF;----ro 

-~~.___,r - ~- e 

Jo 
Figur e 8 Finite e lement mod el. Line a-b-d is the initial location of the beam eleme nts 

(horizontal) and line b-c is the fault line . During faulti ng, the soil and 
spring bases to the r ight of b-c mov e down a vertical distance FD ( 2 ft), 
represent i ng the vertical component of f ault displacement . In par ticula r, 
the soil at level b-d move s down to c -e. 



'° 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 

/ 
/ 

/ 

-7 

,.. ........ 
/ ') ........ 

/ / -5 

/ / -4 

/ / .r / -3 

-2 -

- I ~-

30 2 0 10 0 

DISTANCE LEFT OF FAULT (ft.) 

MOMENT (I 0 5 kip - t t., + f '-1,) 

~ 

·', 

10 

L, LOOSE SOIL (93pcf) 
0, DENSE SOIL (102pcf) 

E, EXPERIMENTAL} RESULTS OF 
M , MATH. MODEL CENTRIFUGE TESTS 

' ' ' ' ' ',DE 

' ', 
........................... 

....... , 
' ....... 

20 30 40 50 

DISTANCE RIGHT OF FAULT (ft.) 

Figur e 9 Comparison of prototy pe longitudinal moment s from finite length numerica l model and 
centrifuge fault displacement test s . 



L, LOOSE SOIL ( 93 pcf) 

D, DENSE SOIL (102 pcf) 

-2 

MOMENT 
(I0 5 kip-ft . , + ('-"') 

DISTANCE RIGHT OF FAULT (ft.) 

~ 1&&&:_.f~ ·~~ L v~ 01 \\ l~Q 1~0 2£._0 =- 2(0 

DISTANCE LEFT OF FAULT (ft.) 

2 

D 

4 

Figure 10 Prototype longitudinal momC'nt profile' pr e clfrtcd by i nf inite length num e ri ca l modC' I. 



'-D 
w 

:: \) 1·~-.' .,, . ·~ ..; J • .• • .,r . i· ~·~ , . 
J f.. ,1 ~J,,I ~ 

. ' . 
~· ; ~ ~ ~ ,;; :~ 1·'1:. . ', 
,,~ .... ,, "' '-r•- ... , i · . ,,. .. . ,., ... . . 

- - - -·+~~~~ .. .&.a-.. 

• ~ .. - ... ~i;.. '/!ft ~ · ---

.;: , ., 
" - · ~ . ;:: : . 

~- · -.. -··- ....-...'..'....~ '? -'E-~- ·· --·· ----· 
- - ·~ ·~ -- - - --...... ,. ·= ·---If. ·-· ··· .... 

.. -··-.- .... - . .- . . ... . :.-• -·-

.. 

"' 
I . ,11'4'1. 

l
•,' 
l 

' .. 
~ ;'l: 

.... l ~ I 

. :: ';<' 

c 
~ 

c 
<.. 

c 
~ 

Jc 
... ·~-·. -· ~· -- c - --. ,_, _ ..,.....-·~- .... !WIS".,......_._ ..... ~ ... ~ 

Plate 1 Sid e view of fault a c tuat ion mechanism , f ront pane l 
removed . False floor in leve l pos ition . 



\0 
+:-

• 

- -

~ 

I 

,· """""ll' ' I . 
I 
I 

I . ~ 
, ' f . . ,• . ' 

l 
. ,. ~ 

·~·i .. 'J; .. ·\.f:,~ f-~· " 
"1<· ; ·:·.::.'-: :; 
; .. . .t . - . 
. ,. ·' . 
~ . .... ' ... , 1\! 

Plate 2 Side view of fault actu~tion mechanis m, front pa nel 
removed . Fault dis placed 0. 25 inches . 



195 



\,{) 

°' 

Pla t e 4 

,..... 

View from above of model tunn e l i n s t a ll ed i n t es t cont a ine r. 
Ve rtical dis placeme nt r od s mo unt ed a t ea c h end . 



\.[) 

'.J 

~ 

Plate 5 Test containe r aft e r rapid faulting test . Vertical soil 
displ acement visib l e with r espec t to side of container 
at righ t-hand end. 
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National University of Singapore. 
(On study lea ve at Cambridge 
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1. Introduction 

Schofield . A.N. 
Professor of Engineering, 
University of Cambridge. 

Increasingly over the past decade, 1rtificial islands have been 
constructed for various purposes, most having been constructed ir. less 
than 13 m of water vith relatively unprotected slopes and with short 
design lives. However, as oil and gas exploration and production and as 
port expansion move to deeper waters and the need for more secure and 
economical designs for such islands develops, more complex forms of island 
construction have evolved, such as the use of sand-filled ca!.sso:is on 
submarine berms, Fig. 1. Where artificial sand islands are eonstr:.icted in 
seismically 2c: i ve reg ior.s, t he behaviour of these soil structures in 
earthquakes has to be considered. Little quantitative data is currently 
available on the response of artificial islands to earthquak~s. one of the 
better known sets of data being the pore pressure and accelera tion reccrds 
collectec fro~ Owi Island No. 1 in Tokyo Bay during the Chiba earthql.!ake 
(Ishihara et al, 1981). This paper describes the results of two ce:itrifuge 
mode l tests carried out using the Bi;rr.py Road Facility at the Ca:::b:-idge 
Geotechnical Centrifuge (Schofield, 1981). In these test, the artifici al 
islands were modelled by two-di~ensional embankments in fine sa~ds 

submerged in sili cone oil: further development is now taking place wit!': 
earthquake tes ts on three-dimensional circular island models. Rigid stee: 
plates ?:ace:l on t!ie crest of the embankments represent surc!;a:-ge or. 
prototype is l ands, Figs. 2. Both ciodels were tested at a centrifuge 
1cceleration of 40g. 

2. Modelling R e5u:r e~e~ts and ?rototype Representation 

2. 1 Model Seale 

A summary of the scaling relationship for geotechnical ce:itri!'ug~ 

model tests with earth~uake :shaking is as follows: 

Quantity 

Length 
Velocity 
Acceleration 
Force 
Stress 
Energy 
Frec;;.ie:::y 
Time 

Ratio of Model to Prototype 
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1/H , 
N 
1/N2 , 
1/N3 
N 
1/N 



At prototype scale, there are regions of the island in whi ch excess 
pore pressure gradients lead to significant pore water diffusio:i in 
periods of time equal to the duration of the event, in th i s case an 
earthquake. In t he absence of inertial effects, it would have been usual to 
scale times by a model scale factor of 1/N2 in order that time f actors f or 
consolidation or swelling processes in compressib l e ground should 
correspond in model and prototype. If water had been used as the model pore 
fluid in these two models, it would have been appropriate for t he duration 
of the inodel event to be only 1/N2 times that of the prototype event. This 
is incompatible with the requirement that the mode~ event should have a 
duration of 1 /N times that of the prototype event in order to scal e 
inertial effects correctly. So the time factors for the model were al t ered 
by replacement of water by a more viscous pore fluid: in this case the 
model pore fluid was 42 centistokes silicone oil to correspond with a 
model scale fa ctor of approximately 40. 

It has been shown that in flow regimes for which Darcy's Law is 
applicable , diffusion time is directly proportional to pore fluid 
viscosity (Terzaghi and Peck, 1967 ), so that the time distortion factor 
mentioned above can be eliminated by choosing a pore fluid which is N 
times as viscous as water. Husk at ( 1946) noted that Darcy's Law is 
applicable to laminar flow regime with sufficiently low Reynolds number, a 
requirement which has been found to be satisfi ed by prototype flow in s ilt 
through to medium sand (Lambe and Whitman, 1969 ) . For Darcy's Law to be 
valid for centrifugal models, the same criterion have to be sa tisfied . Let 

Re • (p v d )/\J ..... . ... . ...... (I) 
p p p p p 

and Re • ( p v d ) I \J ........ . ...... . ( 2) m m m m m 

in which Re , p , v , d and u 
p p p p p are the prototype R ey~old 

number, pore fluid density, apparent velocity, effective pore size and 
prototype pore fluid viscosity, respectivel~ and 
Re , p , v , d and u the 

m m m m m corresponding mod e l 
quantiti es. Then 

( Re / Re ) c (p /p ) (v / v ) (d / d ) (1Jp / um) 
m p m p m p m p 

•• •• ••• •• .•• ( 3) 

If the sa me soil is used i n model and prototype, 
of silicone oil is approximat ely equal to 
;:, m a p p . If t he viscosi ty of the silicone 

d Id = 1, Horeove~, density m P 
tha t of water so that 
oil is adjusted so t hat 

\J • Nu then Eqn. ( 3) becomes 
m p 

(Re / Re ) • (v / v ) (l/N) . .. ..... ......... (4) 
m p m p 

In the flow reg ime in wh i ch Darcy's Law is valid, the a;ipa !""e :it ve loci ':.y 

v "' (k / 1J) (dh / ds) .... . ..... ....... (5 ) 

where k is a constant of the porous medium, \J the pore fluid viscosi':.y 
and dh/ ds the hydr au lic grad i ent. hence 

(v /v ) • (u /\J ) (dh/ ds ) I (dh / ds) 
m p p m m p 

In sca_ed 
v / v = I 

m P 

= ( J / N ) (d h / ds ) I ( dh / ds ) •..•..•....•• ( 6) 
m p 

ce:itrifuge 
Hence 

mod els, ( dh / ds ) = N ( dh / ds) s o t!".a: m p 
( Rem / Rep ) .. I / ~ ....... .. , . .. , . . .. (7) 
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L. 

Si nce N is invariably grea t er than 1, Rem is always l ess tha~ Re~. Thus, 
provided t he prototype flow system is laninar and therefore obeys ~a ~c y 's 

Law, scaling of diffusion time by increasing por e fluid viscos ity ma y be 
validly a;>pli ed as it results in a lower Reynolds number and the:-e~ore 
preserves the laminar flow regime. 

2.2 Model Materials and FonD 

The mai n purpose of the test reported here, as also of the succession of 
other studi es on the Cambridge Geotechnical Centrifuge was to study the 
mechanics of probl ems i n ge neral and not only of 1 sc~cession of differen t 
sites with different soils (!<utter, 1982, Dean and Schofield, 1963, 
Schofi eld and Venter, 1984 ). In the majority of previous tests, st and ard 
sand a~d cl ay have been used allowing comparisons of results in di f f erent 
studies . However, some tests have been undertaken using soils from 
spec ific sites (Schofi eld and Venter, 1984) . 

The models were constructed of Leighton-Buzzard B.S. 52 / 100 fine sane 
and had a height of 90 mm, crest width of 200 mm and slopes of about 1 i n 3, 
Forty two cent i stokes silicone oil was used as the model pore fluid. The 
prototype problem is a f l at cres t ed submerged embankment of t he sa ~e sa ne, 
with a height of 3.6 m, crest width of 8 m and s l opes of about 1 in 3. ~ild 
stee: pla':.es of 5 mm, 10 mm, and 20 mm t hi cknesses wer e used for mod el 
surcharges at different stages of the test s. These corres pond to aver age 
prototype surcharge loadings of about 15 kPa, 31 kPa and 61 k?a , 
respective! y. 

3, Model Prepara':.ion Met hod 

The mode l was constructed at 1 g and l!IOde l preparat ion prccedure 
follows largely tha t developed and used by Dean (1983 ), w:t !i tr. inor 
modificatior.s . As shown in Fig. 2, the model was constructed on a s loping 
concr et e base which was bolted to the base of the container , t he 1 i n 4Q 

slope of the concrete base be ing designed to account for t he loacing 
imposed by t he Earth' s gravity f i eld on the mode l when the latter i s in 
centrifugal flight at 40g. The model preparation method consis ts of the 
fo llowing s ta ges: 

( a) Forty two ce nt istokes silicone oi l was de-aired s o as to prevent 
air bubble formati on in t he model embankment . This was ac~ieved ~Y 

drawing it ir.to a vacuum chamber and leaving it under vacuu~ for at 
leas t 24 hours. 

(b ) Form.iorks were used to shape t he emb ankmen t dur ing rr.:>de ~ 
preparation and to minimise risk of dar.iage to the mode l when the 
package was being moved around. As shown in Fig. 3, t he for :r.,..orks 
consisted of two major sets of com~onents, as follows, 

(i ) Two trape : oid a! arches which acted as the main load bea:-!;.g 
e l e ~ e:.ts of the formworks. 
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accelerometer) and is taken to be that 
model. Kout is calculated by the formula 

K • 5 0 (la l+ja . I) I ( Ng ) 
out ma~ min 

actually appli ed to the 

% .......... (8 ) 

where ~ax and amin are the maximum and minimu~ values of 
acceleration measured by the reference acceleromet er. J( t is 

OU 
generally quoted as less in long-term records than in shor t-term 
records. This is because less sampling points are used over t he time 
or the earthquake, so the actual maximum and minimum values are 
usually missed. In the discussion below, tht' short-term value is 
taken to be the relevant one. 

The time records are plotted as a sequence of horizontal traces, the 
horizontal axis being labelled in inodel time, equivalent prototype time 
can be computed by multiplying model time values by the g-level, that is 
~O. On the right hand side is the name and number of the device (ACC for 
accelerometer, PPT for pore pressure transducer ) as well as t he scale in 
engineering uni ts per cm. Acceleration is presented in percent strength 
and pore pressures in kPa. Since both these quantities are preserved in 
prototype and model, the figures may also be taken to be prototype values . 
On the left hand side are the maximum and minimum values of the quantity 
being plotted. Further details on the format of these time history plots 
can be found in Dean and Schofield (1983 ). 

After these time history plots in Figs. 9 to 15, there are some 
Lissajous Figures 16 and 17 which are obtained by plotting the record of 
one transducer against that of another. Phase difference can be estimated 
from the shape of the figure and some typical plots are shown in A~pendix 
I. 

6. Discussion o!' Results 

6.1 Test nn.01, Earthquake 5 

Figs. 9 a and b show the short-term and long-term records of a 12~ 

earthquake. The surcharge was a 10 m steel plate which is estimated to 
exert an average bearing pressure of 31 kPa in both model and prototype. As 
the surcharge is rigid, the actual distribution of bearing pressure is 
unlikely to be uniform. In Fig. 9 a, ACCs 1258, 988, 728 and 1244 show fairly 
well-coupled motion up to the mid-height of the model. Lissajous Diag~a~s 
in Figs. 16 indicate that there is virtually no phase difference between 
the fundamenta l frequency components of these four acceleromet er records. 

All pore pressure transducers show positive response, the maximum being 
attained by PPT 68 located just beneath the surcha~ge near the centreline 
of the mode l. PP! 23 31 located near the slope experienced the minimum po~e 
pressure genera t i or:, as would be exr:-"!cted from its proxi::iity to a free
draining boun~a~y. 
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( ii ) For tee ~ U-sect ior. bea:::s spa~:"l in g bet..,.ee r. t he t .... c arc hes 
were used to maintain the shape of model. These bea:-: s we:-e 
placed as the mode~ was being constructed. 

( c ) Lei ghton-3uzzard B.S. 52 / 100 fine sand was used t o forrr. t he 
entire model ex cept the toes which were constructed with B.S . 14/25 
and B.S. 25 152 sands to prevent erosion. Along various 1-e vels 0 : t~ e 

emba:ik:ne!'l t, laye!"S of blue-dyed 52 / 100 sand were poured nea:- the 
side windows. Upon completion of model construction, these 
horizontal blue sand layers were pierced by a thin rod to create a 
set of roughly vertical blue sand traces, whic~. in conjunc t i on wit h 
the horizontal blue sand layers, forms a blue sand grid, Fig. 4. Large 
scale permane!'lt deformations of the embankment section may be 
detected by the distortion of this blue sand grid. To ensure full 
saturation of the rrodel, the sand-silicone oil mixture was de-aired 
under vacuum before pouring. The de-aired sand-silicone oil mixture 
was then scooped out in small portions using a plastic beaker which 
was then immersed in the oil already present in the container and 
tipped over, thus allowing the sand to pluviate through silico!'le oi l 
without ai r bubble formation. In spite of the apparent crudeness of 
this method, the results for both models were remarkably consistent, 
as will be seen later. More recently, an improved method of model 
pre~aration has been developed, which will be described br i e:l y i:"l 
Section 7. The average relative density of both models described in 
this paper was estimated to be between 60~ to 70S. 

(d ) Transducers were placed at appropriate heights ir. the 
embankment as sand pouring progressed. Dynamic signals were measured 
by DJ B A23 pi ezoelectric accelerometers and Druck PDC R 81 pore 
pressure transducers. Sangarno LVDTs were also used to record 
surcharge settlement after each earthquake. 

Mild steel plates 156 mm long and 200 mm wide were used as mode l 
surcharge. As shown i n Fig. 2b, three steel plates were arranged lengthwise 
in series to span the whole leng~h of the embankment. It was felt that th i s 
arrangement would reduce interaction between the central segment of t he 
embank~e;,t length, where most of the transducers were placed, and the end 
segments near the windows. To minimise seepage of silicone oil through t he 
gaps between steel plates, thin polyethylene strips each about 2 cm wide 
were placed beneath the steel plates across the joints, Fig. 2b. Fine sand 
was glued onto the undersurfaces of the steel plates using araldite t o 
increase friction at the embankment-surcharge interface. 

4. Bumpy Road Earthquakes 

The worki ngs of the Bumpy Road Facility have been described by 
Schofield ( 198 1) . The model earthquake consists of ten roughly sinusci ca: 
pulses of la t era: acceleratior. on the model containe:- which is trans~:tte c 

to t he mode: as a base-shaking motion. Typical time records o~ t~e ba~e 
shaki ng a::::e l e:-ati c r. ( see Fig. 5 ) show that the amplitude o: t hese 
sinus oiaa: ~u :ses var:es slowly wit h time. :~e al l owable maximu~ ~a~;.:t uc e 
of base shakin£ acceleration that may be applied to the container depends 
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on the g-level of the test. At 40g, the magnitude of the base shaking 
accele;ati on may be varied between 0 and about 16g, the latter being 4CS of 
the centrifuge acceleration and may be considered adequate for strong 
earthquakes. The frequency and duration of these roughly sinusoidal pulses 
are about 80 P.z and 125 msecs, respectively, t hese being equ: va:ent to 
p:-o totype values of about 2 Hz and 5 secs. 

Fig. 6 shows the response spectra of some typical Bumpy Road 
earthquakes. As will be expected from the roughly sinusoidal variation of 
the earthquake time records, the response spectra are much narrower than 
those of natural earthquakes (Newmark and Rose11blueth, 1971 ). This 
prevents direct modelling of specific natural or design earthquakes but 
allows the possioility of modelling of models (Dean and Schofield, 1983 ) 
and creates an ideal system to provide dynamic response data for 
mechanistic studies as well as for verification of analytical and 
numerical computations. 

Analog signals from accelerometers and pore pressure transducers were 
recorded on a forteen-chsnnel Racal tape recorder. Tape segment s 
containing the relevant earthquake records were then played back and the 
analog signals digitised using the FLY14 program developed by Dean (1 983 ) . 

5. Earthquake ii:ne Records 

A total of forty two earthquakes were fired in the two model tes t s 
which were desigr.ated FHL0 1 and FHL02; each with three d i ffere~t 

surcharges, viz 5 mm , 10 mm and 20 m."ll mild steel plates. Figs. 7 and 8 show 
transducer pos i tions for each model with accelerometer and pore pressure 
transducer abbr eviated to ACC and PPT, respectively. Owing t o t he fini te 
size of these de vices anc their moveme!'lts within the models during the 
tests, the i:- exa:::t locations could not be deter:r.i ned. Hence, the posi ':.ions 
marked in Figs . 7 and 8 should only be regarded as approxi:na':.e ones. The 
results from seven earthquakes are presented and dis cussec here; a 
complete collection of the results can be found in Lee (1 983 ). For each of 
these seven ea rthquakes, short-term and long-term time records are plottec 
from Figs. 9 to 15 after one 3-point smoothing pass ( see Dean and 
Schofield, 1983 ) . The data point spacings for short-term and long-te:-::i 
records are 200 microsecs and 1600 microsecs, respectively. The much 
smaller data poi~t spacing of short-term records allows details of the 
earthquake event to be captured whilst the larger data point spacing of 
long-term records means that post-earthquake pore pressure changes can be 
plotted. Referring to Figs. 9 to 15 again, at the bottom right of each set 
of time recor ds appears the following information. 

(a) G, the g-level. 

(b ) Kin' which is a control number associated with t he t es ting 
appa:-a tus . As it does not affect the i!'lterpretation of resu:ts, it 

wil l be ~g~ored here i~after . 

( c ) Kout is the earthquake st'rength measured by an acce leror.ie':. e:
moun':. ed on the containe:- (hereafter designated as the re:ere!1ce 
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6.2 Test FHL01, Earthquake 8 

Fig. 10 a shows the short-term time records of a 21S earthquake on the 
same model with the same surcharge. Again, the record of ACC 728 is very 
similar to that of ACC 1258 indicating that there is no s lip between the 
base of the model and the concrete base. In fact, over the first 11/ 2 
cyc l es of the earthquake, all acce l eration records are very well-coupled 
to that of the base excitation. From the third to the fifth cycle, the 
phase difference between ACC 734 and ACC 1225 increases rapidly as 
illustrated in the Lissajous Diagrams in Figs. 17. It indicates a 
progressive softening of the soil beneath the surcharge. After the fifth 
cycle, the accel eration of ACC 734 dropped to a relatively low value as t he 
surcharge is almost completely isolated from the base shaking motion. 

This indicates that a drastic development has occurred. If the 
surcharge were, for example a barge resting on top of a prototype island 
with wel ls drilled down into the island for production of gas or oil, at 
this stage the risers could be sheared off because the barge would beg in 
to slip to and fro relative to the top of the is l and. 

Simultaneously, PPT 68 registered a steady excess pore pressure of 45 
kPa, almost 1.5 times the average surcharge pressure on the crest. The soi l 
at the crest is probably liquefied at this stage. PPT 2338 located off
centre at the crest show much lower pore pressure generat ion than PPT 68, 
indicating that pore pressure is not uniform across the crest and that 
only the region around the centreline may have liquefied. Even af ter 
liquefact ion, ACC 1225 at the crest beneath the surcharge still registered 
fairly high accelerations. This may be due to the confining effects of the 
surround ing soil in the off-centre zones which has not liquefied . All this 
time, PPT 2331 located near the slope registered fairly low excess por e 
pressure. 

In the long-term records of the same earthquake (Fig. 10b) , all pore 
pressure transducers, with the exception of PPTs 2342 and 2332, measured 
monotonically decreasing pore pressures after the earthquakes . These t wo 
pore pressure transducers both were located at mid-height of the model and 
they highlight the significance of dissipation effects in caus ing pore 
pressure increase in regions around the liquefied zone . The dela yed 
failure of the Lower San Fernando Dam in 1971 has been attributed to such 
dissipation effects (Seed, 1979). 

6.3 Test F1iL01, Earthquake 13 

Figs. 11 shows the time records for earthquake 13 of strength 33~ on the 
same model with the same surcharge viz. 10 mm steel plates. Instead of the 
liquefaction phenomenon described in the previous sub-section, ACC 734 
measured fairly high acceleration indicating that there is little l oss of 
s hear streng':h in the soil benea th it. Furthermore, ACC 1244 experienced 
much higher acceleration peaks than that of the base input. PPTs 68, 2342 
and 2331 now measured fairl y large negati ve pore pressures for at leas: 
par':.s of t!':e cycles. Only PPT 2332 showed a posi'::ive pore pressure 
response . As will be explained in Section 6.6, this drastic change from t he 
liquefaction behaviour observed in earthquake 8 (see previous sub-
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se ctio~ ) may be associated with intense shearing in parts of the mod el and 
t he dilatancy induced by it. 

6.4 Test FHL01, Earthquakes 17 aod 24 

figs. 12 show the ti me records for earthquake 17 of strength 251 on the 
same mod e:, but with thicke:- steel plates, viz. 20 m. The average s;..ir ::harge 
pressure on the crest is now estimated to be approximately 61 kPa. The 
increase in surcharge leads to positive pore pressure once agai n, al though 
complete liquefaction of the kind observed during earthquake 8 did not 
occur. The trend indicated by this as well as earlier earthquakes is that 
successive earthquakes have caused progressive densification of the soil 
medium and generation of positive pore pressures, resulting in a mater i al 
which dilates at large earthquakes. Increasing the overburden pressura 
once again resu l ted in the model exhibiting positive pore pressure 
response. The consistency of this trend is seen again for earthquake 24, a 
36S earthquake on the same model and same surcharge, in Figs. 13. PPTs 68, 
2342 and 2331 show large negative pore pressure response indicative of 
dilatancy. Furthermore ACC 1244 experience~ high acceleration 
amplification relative to the base with strong high frequency component. 
The effect of seismic history on the behaviour of models in successive 
earthquakes is a striking feature of these centrifuge test results. 

6.5 Test FHI..02, Earthquake 14 

Test F1iL02 was performed with a model with approximately the sar.ie 
cross- section as test F1iL01 but with transducers sited at dif'fere:-:t 
locati ons. Figs. 14 show the time record of earthquake 14, a 28S earthquaKe, 
on this model with 20 mm steel plates as surcharge. ACC 1244 on the 
surcharge again exhibited rapid attenuation of acceleration after the 
f ourth cycle of the earthquake, whilst PPT 2338 located centrally beneath 
the surcr.arge registered a high steady excess pore pressure of 78 kPa 
during the earthquake. PPTs 68, 2335, 2252 and 2331 are all located off
centre a~ong the crest and mid-height of the model. The long-term records 
of these four pore pressure transducers in Fig. 14 b shows increasing pore 
pressures after the earthquake as pore fluid drained outwards from the 
liquefied zone near the centreline towards the free-draining boundar i es, 
that is, the slopes. The similarities between the observations in this 
earthquake and the liquefaction behaviour for earthquake 8 in Test FHL 01 
discussed in Section 6.2 is further s~rong evidence that liquefaction can 
be modelled on a centrifuge. 

6.6 Test FHl.02, Earthquake 18 

Earthquake 18, a 371 strong earthquake was applied to the same model 
and surcharge as that discussed in the previous section. In the short
term time records in Fig. 15, significant amplification i n acceleration 
was observed in ACC 734 located centrally beneath the surcharge. In 
addition, sharp 'spiky' acceleration pulses with absolute values about 3 to 
4 ti~es that of the base excitation were observed in ACCs 728 and 938 
located at the shoulders of the model. These spikes occurred ir. 
alternating ha~:-cycles and their appearance i:1 t he two accele rometer 
records are out-of-phase, suggesting very strongly an as ymmet r ic 
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pher. o :-:e :;~ r.. ! r. :at er tests n~t reportec here, t he phe:;o:ie::o:"l was aga: :-. 
consiste::t:y o'::lser vec near t he shoulde:s of t he model. Such spikes wcul : 
be cons i stent wit h a jerky mo t ion, with gradual accele:ati on phases 
al t ernating 1.1it r. rapid deceleration phases, leading to large permanent 
defor mati on 1!" the acceleration phases occupied a large:- par t of eac~ 

cyc l e than the decelerat i on phase. There is evidence for such move::ients 
having take n place. Fig. 18 shows photographs taken of one s l ope before anc 
after t he test. Substantial bending of the blue sand gri d was see:-:, 
indicating that intense shearing had taken place in the upper slopes and 
the shoulders during the experiments. 

7. Con cl us ions 

(a) Dynamic modelling using the Bumpy Road Facility has provided novel 
data for studying mechanisms which are active in a submerged embankment or 
sand island in an earthquake. 

(b ) Two such mechanisms can be readily identified. 

(i ) Positive pore pressure generation in a central zone at the crest, 
resulting in the extreme case, liquefaction and loss of shearing 

resistance in the soil beneath the surcharge. Pore pressure 
dissipation takes place outwards and towards the slopes. 

( ii ) Hig~ acceleration peaks attributed to intense shearing at t he 
uppe: s:cpes and shoulde:-s during strong earthquakes . 

(c ) Data of successive earthquakes on 110dels show a striking infl uence of 
seismic history in the response of the models. 

(d ) De velopme~ts of techniques of modelling and of data process i ng are now 
progressing rapid ly. An improved method of model construction has recently 
been deve l opec. Briefly, this consists of constructing the moce: in a dry 
state, evacuating the air in the model under a vacuum and then us i ng this 
vacuur.: t o draw in the silicone oil. So far, the results indicate t hat it 
has been quite successful and these will be reported in a later pape:. Wor k 
is now underwa y to investigate the three-dimensional response of ci rcular 
islands under si~ilar base shaking excitation. 
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arch and 0-section beams. 

,"'"4.~i 
·.•. 

.. - ,...~· . . 
- !::. • . .. 

. . . 
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1024 data point'::> per transducer, plotted aftu 1 smoothing pass 
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1024 data points per transducer, plotted a ft er 1 smoothing pass 
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1024 dcto. paint$ per transducer, plotted after 1 smoothing pa~s 
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1024 data points ptr transdiJctr, plotted after 1 smoothin; pass 
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1024 data points per transducer, plotted after 1 smoothing pass 
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1024 data poin t:; per t r a,1sducer, plotted a f t er 1 smoothing pass 
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1024 da t a points per transducer, pl otted after 1 smoothing pass 
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1024 data po ints per transducer, plotted a ft er 1 smooth ing pass 
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1024 data points per transducer, plotted aft er 1 smoothing pa ss 
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Figure 18a Negative of blue sand grid before test FHL02. 
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Tigure 18b Negative of blue sand grid after test FHL02 . 
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APP~"DlX I 

3. l Sinu.soic2l Waves (a!ter Haag, 196 2) 

a. Wave cm y-a.x:..s has a frequ:ncy twice that of wave ~n x-axis and lags t.1.-..e 

latter by a i:hase angle of s. For various values of S, the Lissajous fig.ires 

are as sho...in in Fi;. r. l belo.;. 

B A 

c 
Figure I.l 

(a_'9:.e..r Haag,l9&2 : 

B • 90• 

b. Wave en y-axis has a freque.11cy 1.5 t.irces that of wave on x-axis a.nC 

lags t:'ie latte:- by a i:hase angle of s. For various values of 8 , t he 

Lissajous figurc_s are as sho.vn in Fig. I • 2. 
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Fig. r.2 (a!~ H~g, 
1962) 
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I . I:\TRODUCTION 

Experimental simulators where gravity is correct ly sca l ed appear 
as bo t h necessary and sufficient for a systematic study of struc t ure -
f oundation - soil interaction during earthquake s . The primary aim is t o 
solve as completely as possible the engineering problems. On l y thus can 
the large sums invol ved with the models by justified. Solution of academic 
problems will come out in parallel. 

While setting out experiments according to ad hoc codes, it is 
recognized that one of the main produc ts of a systematic study would be 
a new code for seismic resistance. The present paper deals with bringing 
out the questions invo l ved and giving some examples of partial solutions. 

2. THE SYSTEM 

In situ the structural system has three components : superstructure, 
foundations, infinite soil. In the model the soil is confined within a 
cell, which forms a forth component. The soil i n the model represents a 
domain D in situ, the boundary of which is d D. During an earthquake 
velocities and trac tions appear on d D, the compounded effect of the 
seismic energy coming from outside and the superstructure - foundation -
soil energy comming from inside. A correct simulation requires the scaled 
velocities and t ractions on the soil adjacent to the cell's walls. 
The degrees of liberty (e.g. displacements) of the superstructure are 
grouped into internal (d) and founda tion connec tion ones ( ~). The only 
excitation of the superstructure in the case of earthquakes are the reac
tions of the foundations R in terms of generalized forces for Ll . 
Taking for simplicity t he foundat i ons as part of the soil component, 
the boundar y values are .::l, R at the s upers tructure - soil junction. The 
soil's degrees of freedom on the rest of the boundary are called b and 
the related forces Fb . 

3. I NTERNAL BOUNDARY CONDITIONS 

As far as the soil is concerned, the presence of the superstructure 
is equivalent to a boundary condi tion the ~. R relation . For example, 
if the superstructure is viscoelastic a relation between the Fourier trans
forms Z , 'R is as follows : 

/'-
Cd 

/' ,... 
2. . Md 0 d c d ~ k d 0 

- f.tJ .... ; "' 4- = 
I' c' /' 

K' 
I" A 

() 1-'\t. 4 CA .ci ~ 6 R 
,,....J 

- c../'f-{lf. 
- /\ . 

putting c = 0 + .. t.J Cq _;, l< cJ ~ d 0 
:: 

K' -c../"'µ~ t~wC~+~ 
/\ ,.. 
L>, R. 

Solving by Gauss elimination : 

( _ k ' t - ~ 'L :'vld k 1-'1 iM -+ ; we~ ) /". /' 
.... ; :JJ Cq + d j !5. -w . "' 4 -:: R ' - -
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In th e frequency domain of interest, any other superstructu r e for which the 
above relation (~ , R) holds with good approximation can r eplace the origi 
nal one , as far as the soil is concerned. Nor does it have t o be an actual 
structure, because using a computer and an arr ay of actuators, than at least 
in principle thi s (bi , R) relation can be implement ed . In fact f = mx i s an 
arrangement for creating a force proportional to the second derivative of 
the displacement. This arrangement is "mass". Mechanical models can use a 
Guyan t ype approximation or a modal one. In the Guyan case cd ~ 0 and 

C -"'i 11d + ~r\s developped in series. The first order gives Ka -t GJ '2.H" 
so R ; ( - ~I ~ ~ - w 2 !S.' ff~ IS - w l. /-'IA -t ; w CA + Kd ) i 
which is the transform of "!t.Jt A -+ (

4 
A -t- J(A A - !? (i) 

where M} = MA -+ k 1 l1t:1 !:S 
d ~A I 

an ~ = JGs _ 5. l\t:I !S. 

In the modal approximation only some of modes are r eta ined and cor
recti ons added, resulting in a new superstructure . (The static loads mus t 
be correct . 

4. EXTERNAL BOUNDARY CONDITIONS 

The conditions for t he r est of s oi l, i . e. for b and Fb are called 
external. Their r o l e in t he model is t o insure the correct values of~ and 
R. External conditi ons are devided into passive and act i ve . The passive ones 
do not vary with time, e . g . free surface, rigid wall . The ac tive ones are 
imposed by th e experimenter . 

I n situ , an exc itation of R. causes signals at i and the other 
points j as the wave travels out . s1ome ~choes come back later on from 
reflexions below . In the model there exist also reflexions fo r m the walls. 
These perturbations distort radiation of energy from the structure to infi
nity, which is the main contribution t o damping. So model s of structures 
must be small relative to the cell . Howaver, very large struct ures are to 
be considered and on the cent r ifuge cell dimensions and leneth scale red uc
tion are limi t ed . The perfor mance of the seismic simulator might be greatly 
improved by pr ocessing t he signals digitally , either in r eal time or later 
on. The necessary codes should be designed together with the actuators and 
the cell to give the optimal r esult of t he processed signal s . 

4 . 1. Some numerical tools 

The soil is certa i nly not a linear system . However, corre=tions can 
be applied in a linear way, following a time honoured procedure going back 
t o Froud. 

A s ystem of linear differential equations has a Greehs function 
G( t, 'C) which transforms the forcin g term x(t) to the soluti on y(t) 

y H) ::: j t G (f,7-} x Cr.) dT-

If the equation has constant coefficients G(t ,-r: ) G( t -"t:) and 
y = G * X (convolution product ) . 

A property of the integral transformation by Green' s function is 
that th e transform acquires t he smoothness of G. For exampl e even if x(t) 
i s onl y piece- wise continuous and G(t, t ) has second continuous derivatives , 
then y(t) has s econd continuous derivatives . Thus a convolution can be 
us ed to smooth function and a good example is t he shock spe ctrum. 
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Several integr al transformations exist which t r ansfor m a funct i on 
of t ime t o a function of f r equency (and i nversely) ; a functi on of time t o 
a functi on of an integer (and inversely) ; an analy tic function t o a func
tion of an integer (and inve r s e ly) ; and finally a fun cti on of an int eger 
on anc ther one of its kind and inve rsel y . In all t hose cases t he fc llo~ing 
exists if t he in te gral transformation is y = F[X), then : 

t::[ ~At-X1J = (Fcx.J )· {F [ Xi.J ) 
It follows that log F [ t',, K X z. J c f tJJ j 1 ..... hj J'l.. . convolu ti on is 

associative, so the graph of t he logarithm of the transform, or Bode ' s di a
gram, is in fact a superposi ti on of the gra phs of th e different fa ctors of 
t he convo lution . This graph is accordingly amenable t o ~recession by linear 
numer i cal a lgo rithms wh ich a r e normallv called filters. One aim is to come 
out wi t h F[ G) if G is not known . As . F [. G--~J = -'I FC6'] an inve r se convolu
tion (called deconvolution) is possible giving X = ~-~* ;J . A second aim 
might be t o fi r st separa t e between the superimposed log gr aphs in order t o 
recombine them premultip l ied by wei ghts, i.e. t o make corrections . The cor
rected graph is the logarithm of the corrected si gnal ' s transform, so by 
exponentiati on and inverse integral t r ansfor mation the corrected si gnal is 
ob tained. 

The key t o the efficiency of procedures is t he fast discrete Fourier 
transfo rm . If signals are sampled at T intervals (t = nT when n E 0 , : , 
~ - I) they form vectors of N components. The components can be drawn on a 
drum, so t hat X = X , x

1 
= XN I' etc . . . t o give periodic functions. In 

exactly the same0 way ~o d1s c ret~ Fourier transform is a vec t or of ;..; compo
nents, drawn on the same dr um . The fas t t r ansform algorithms executes the 
pas sage from one vec t or t o the other ra pidly. Convoluti ons are cal culated 
by first pu tt ing t he factors on a drum and then Fourier transforming. 

4 . 2 . Echoes 

According to t he princ iple of Huygens, the echoe s can be looked 
upon as coming from secondary sources on the boundaries. The secondary 
emission y (t) is given : 

s 
Js = Gs.1r-x(t: -Ts ) 

where X(t) is the source and T is the time of t r avel from t he source t o 
the boundary. The si~nal recei~ed is given by y = G * y (t - T ) when r r s . r 
T is the time of travel from the secondar y sour ce to the receiver. In the 
pfesent case, the sour ces and r eceiver s a r e t he points of connection between 
the fou ndations and t he supers t ructure. The r elation between the digital si
gna ls (y ) and X can be written as : 

r n 
n 

a k are distorsion 

Let : 

then : 

and : 

('y,. ) r, = 

factors, nk is 

rr\K - { 
0" - 0 

=L.1-1 o< 
I(= J K 

An example taken f r om [ l ) 

the delay of t he echo n° k . 
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i:m a nas a per ioc of 2- I l . 

Log F[ G] has t he same pe r iod . Takinp log F[ G) a s t he Four ie r tran s
form of a functi on g, t he result is ~ = ZI(';', (-1)1(~/o<kfk ;-,..ct \.:hi ch 
is a sequence of pulses de caying as lc! k /K at intervals equal t o£ on t he 
time ind ex axis ( t = t T) . I n oara llel lo ~ F[X) is taken as t he Fourie r 
trans form of ~" ( i. e . F ( j J = fo3 r=-Cd ) . If f"':i:O in a di ffe
ren t region on t he inde>: l ine, than t he two can be separated (for example 
by di la ting every n = k component ) . Ref. [I] gives examples of successful 
application of t his procedure in acoustics and seismology . 

The experimental procedure should be to apply pulses at point i 
and measure r espons at all the points of connection. According t o t he las t 
example separation of G will be manageable if the duration of the pulse is 
different from any time of travel from the different walls. In relation t o 
the model thi s means that echo filtering will succeed better if non of the 
natural frequenci es of t he soi l and wall system is predominant in either 
the model or the earthquake , as could have been expected. 

The qualification of the cell for echoes during centrifugation might 
be quite expensi ve . For clays, once consolidated, tests could be carried out 
in the labor atory . Fo r sands , t he necessary rigidification pressure can be 
appli ed by a rubbe r membr ane on t he free surface. Such tests were carried 
out at CESTA on a large r igid steel cell, later used for Hydraulic Gradient 
seismic simulation . As the echoes intensity at the middle of the cell was 
f ounded t o be r e latively small , no filtering procedure was undertaken. It 
s eems however int e r es ting to see the form of the si&nals which are either 
horizonta l (AH) or vertical (A ) accelerations at a depth of 10 cm. The dry 
sand wa s rigi aified by vacuum . vThe sour ce was a dropped metallic mass , of 
a very short duration (fig . 1, 2 , 3 , taken from [2) ). 

4. 3 . Non reflecting boundarie s 

-I 
At a shear wave ve l oci t y of 300 ms and frequency of 300 Hz the 

wave length is 1 m. In order t o be effective any "break-water" system must 
be at lea s t one quarter wave thick . As this layer is on the outer perime
ter, it consumes much volume and weight. Tests on the cell of fig. I showed 
t hat a 2 cm laye r of elastomer did not change anything. 

By supporting the walls of the soil with mud pressure accross a 
rubber wall, the l ongidutinal wave motion energy is transmitted to the mud 
and can be arranged t o be carried awa y hyd raulically . This dissipates the 
pressure waves, which due t o their larger phase velocity have larger wave 
length at equal frequen cies. The rubber wall is a free surface for the trans
versal motion. This boundary thus separates between the transversal and lon
gitudinal wave motions, a situation that might be convenient for echo cor
recti ons. 

Wave en er gy at the boundary can be absorbed by boundary motion, in 
the same wa y t hat a ball bounced from a receding car becomes limp. For 
example a plane wave travelling from the origin according t o t.L • t 'fCt - f) 
would not be reflected at point X = £ if u is forced to be f(t - - ) at that 
point. The same result can be obtained by changing the impedence cat X = l 
in a closed loop arrangement where u is measured at, say, X = O. This ins
tallation exist s in th e 12 m diameter 105 m long shock tunnel of Gramat 
which simulat es nuclear air blasts with very good results [3]. t 

Writing once again the reflected signal y as y = firt,t))((z }dr:. 
The form of G mus t be chosen t o that t he directio1hali t y rand coherence of 
the echoes is dest r oyed. This can be achieved by introducing a random pro
cess into G bot h in time and location. ln this case, the ordered wave ener-
gy is transformed t o noise. The relatively small level of echoes in the.des
cribed cell might be attributed t o such a mechanism acting in the non linear 
non homogeneous sand . 239 



4.4. Seismic generators 

The amount of information abou t real ground mot ion is scant. The 
bed•rock signal is filtered through the upper layers and once more 
through buildings at and near the accelerometer. Fi g . 4 fr om centrifuge 
tests shows the difference between shock spectra at the same soil point 
with and without the structure. One result of the filtering i s the 
absence of correlation between the 3 motion's components. 

Wherus the basic motion variable is the velocity, (which times 
stress gives power) for technical reason it is the acceleration which is 
recorded. By the process of differentiation high frequency noise is grea
tly enhanced, and accelerograms are very difficult to compare. 

At the moment a numerical filter is used to transform the accele
ration A into a velocity V by the procedure of shock spectrum analysis . 
This filter corresponds to the physical system of one degree of freedom 
vis coe lastic resonator. The viscosity adds to the smoothing effect of the 
convolution. The logarithmic scale further subdues variations, and many 
earthquakes look alike. Codes give very simple curves for spectra's 
enve lops. 

The filter used for the shock spectrum had the merit in the past 
that it could be calculated by analog methods. This merit no longe r exists. 
A more satisfying procedure would be to take the Fourier trans fo rm, 
which is also a velocity, and smooth it up. A much better procedure would 
be to use the velocity, and compare it numerically to some master curves, 
by a computer procedure fixed by the codes . In the models 2 - 3 component 
motion can and should be produced. The codes give no indication how to 
combine them. One way t o do it, is to use the free field motion to exc ite 
3 - 4 degree of mo tion systems corresponding t o either symetric or non 
symetric rigid bodies on the soil, representing the soil by spring -
dashpot units. In the symetric case (no twist) the vertical motion is not 
coupled to the horizontal and rocking one so 2 x 2 matrices desc ribe the 
system, in a way that can be hand calculated . Such an integration was 
carried out for free field motions on centrifuge. The results are seen in 
figure 5, 

Actual velocity curve's comparison also takes in account the number 
of cycles . This is a very important parameter, both for liquefaction and 
for transfer of energy between different modes, a process which takes time. 
In situ the earthquake is a wave that has a given profil in the soil near 
the surface and which propagates at a certain velocity . This information 
is not available. 

In problems related to liquefaction the stresses of the free field 
wave are important. They are not available. At least in principle an earth
quake signal can be characterized by the stress field. This possibility 
ex ists for model tests . 

Once a desired free field motion is given, the problem is 
t o s ustain it by boudary excitation. 

When the same momentum p is imparted to masses m1 and mz 
in a coll ision, the energies imparted are 0.5'[L'L/tvl 1 / b.S'(l-'l. / rvli. 
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the sma l ler is the mass the grea ter is its share of energy. Eff i ci ency 
of power requires models t o be shaken against larger masses. For a shaking 
tabl e t he reactive mass is in the heavy foundation. Putting t he experi
mental cell on such a tab le is f easible for models using the Hydraul i c 
Gradient simu lation. For models on a centrifuge shaking of the whole cel l 
can be carried out when it is a small one fixed on a heavier support, with 
a substential loss in pay-load, or as it has been done to shake t he cell 
against the centrifuge building or the centrifuge itself . 

If part of the cell'< boundary i s shaken, than the accompany i ng mass 
has the volume of about 13 when L is a typical dimension of the 
shaken part . This seems to be t he correct way. The situation most similar 
to real earthquake is a running wave along the bottom of the cell, and 
containing both horizontal and vertical components. Such an installation 
would have t o support the weight of the model during centrifugation and 
would have to be watertight. Thus it is estimated to consume quite a lot 
of pay-load , which however seems justified. The solution adopted a t CESTA 
was t o shake one sid e of a l ongish cell. 

A ta i l ored signal is a shaking system tuned by several tests so t o 
gi ve req uired f ree field as measured at different points in the s oil . 
Once all is se t up signals must be repetitive. 

A servomechanism is a feedback controlled system which corrects 
it se lf automatically relative to a given signal. As a wave profil is 
t he required quantity , a situation must exist where one variable control s 
the whole fiel d . This variable can be the velocity on a rigid plate (e . g. 
the shaking tab le) or the pressure on a rubber membrane . It could be a 
fi e l d transducer reading . In tha t case the cell must be sufficiently large 
in order to eliminate t he struc ture's filtering effec t. Also the weighed 
sum of signals of several transducers can be the controlling variable. 
All this operation can be performed either by an analog computer or a 
digital one. Not all fields are controllable, especially in a non linear 
material. A servomechanism may loose control and become destructive, a 
disagreable situation on the centrifuge. 

A ta i lored signal is dependent on the presetting of several physical 
fixtures, and its variability is somewhat limited, and setting takes 
time and labour. 

A servomechanism is as variable as the library of curves it follows, 
of which there are actually not many. Thus in many cases a closed loop 
system acts in fact as part of a tailored signal generator, its main 
function being to assure repettivity. According to the last chapter the 
best control variable is the free field velocity. Apart from being the 
correct wave parameter, the scale of which is conserved , velocity has 
smooth signals which reduces the tolerance requirements on the servovalves. 

4. 5 . Tailored pneumatic generators 

A pneumatic seismic generator was tested at CESTA on the cell of 
fi g . I. This is a rigid cell made of steel. The soil sample is 1.8 m by 
0 . 8 m by 0 . 5 m depth . This cell is currently in use at the Ecole Polytechnique 
f or Hydra ulice Gradient seismic simulation. A lighter cell of aluminium 
(1 . 3 rn by 0.8 rn by 0 .4 m) is used on the CESTA centrifuge. In the tests 
t o be des cribed on the steel cel l the soil was dry sand, rigidified by a 
pressure of 0 . 2 MPa on a t hin rubber membrane spread over the soil's free 
surface . 
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The operation principle of a pneumatic generator is very much the 
same at that of a car engine. Energy in large quantities is stor ed either 
in compressed gas containers or as the chemical energy of combustibles . It 
is r eleased according to a program either by valves or by electronic i ~ni
tion. In the case of shock tubes the valves are metal membranes cove r ing 
the tube ' s end. ~embranes are either pierced mechanically or burst by small 
explos ive cha r ges , a system applied with great success in the Grama t shock 
tunnel. 

The word tuning comes from musical instruments , and shows that an 
arrangement of cavities and e penings will give repeatedly the same signal. 
This is because the boundaries are quite ri gid relative to t he air, and the 
opening large and not likely to be obstructed by debris . Added to this is 
the precise energy release rate of detonators and explosive pellets. 

According to Helmholtz's model , cavities act as capacitances (or 
springs) the air volumes in the openings as inductances (o r masses) and 
the resistances to flow in tubes as electric resistanced . Up to the shock 
range of pressures Mach ' s similitude is valied, (which is the same as for 
the soil model) : if stresses are conserved than velocity is conserved and 
the time scale equals the length scale. That means t hat doubling all the 
geometrical dimensions will double all the vibration periods. When t he space 
is limited, as was the case for the Aluminium cell for the centrifuge, ad
ditional solid masses are included in the filter in order to reduce frequen
cies. Thus tuning of the filter is a quite simple operation. Once tuned , the 
signals are very repetitive. 

Apart from general precautions in dealing with volumes of hi ghly 
compressed gas , there are the special regulat i ons for explosive handling . 
However, many combustibles are suitable which a r e not defined as explosives, 
being unsensitive . Sensitivity particularly means the amount of electric 
energy needed for ignition. There is no pr oblem in providing suitable elec
tric "sparks". 

In the cells of CESTA explosive pellets and detonators are used , 
pre- packed inside cavities in a steel block, the function of which is to 
protect one char ge from the others. The cost of the system is low and it 
has been used for years with no maintenance at all . Us ing shock tubes at 
the Ecole Poly technique gave similar soil s i gnals . The preparation of the 
test is more complicat ed than with explosives. 

The quality of the signal was tested by 10 accelerometers placed 
in the sand at depths of 5 cm, 10 cm and 20 cm. The results showed that 
the wave filtered through the tapered part of the cell nea r the sour ce to 
beco~es r egular . The lateral and longitudinal uniformity is shown in fig . 
6 (spec tra are given in fig . 7-10). The vertical uniformity was confirmed 
by comparison of signals at different depths . The wave traverses the cell 
attenua t ed first like a pressure wave , later on like a surface wave . Fig . 
6 shows horizontal and vertical accelerations of similar amplitudes . Pla
cing t he generator at lowest level possible did not give ve r y different 
results. 

Some softening of the sand near the source was obse r ved , and that 
zone was later strengthened by gravel . 
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5. CONCLUSI ONS 

An exampl e wa s g i ven of an appar ent l y satisfac t or y boundary condi
tions settup f or seismi c simulation based on a tai lored signa l gener at ed 
by expl osions. 

A rethink i ng of the whole problem has been dis cuss ed in order to 
make Centrifuge and Hydr aulic Gradient models the maj or tools the should 
be come in solving the engi nee r ing seismic problem. Such a procedur e s eems 
the more relevant becaus e most of the large geotechnical centrifuges have 
quit e similar features, so the same boundary condition arrangement could 
be used for them all . 

Remark : 

The c entrifugal model s described were built and tested by the Cent r e d'Etudes 
Scienti fiques et Techn iques d' Acquitaine (CESTA) of the Commis sariat a 
L' Ene r gi e Atomi que a t Le Barp near Bor deaux . 

The Hydraulic Gradi en t and shock tube mode ls were constructed and t est ed 
in t he Ecole Po lytechn ique. 
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by 

Robert V. Whitman 
Massachusetts Institute of Technology 

Cambridge, Massachusetts USA 

Abstract 

The first part of the presentation summarizes results from tests in which 
saturated fine sand was tested on the centrifLJ<?e at the University of 
Cambridge , using 1ximarily bumpy road excitation. Tests with sand alone 
studied the generation and dissi~ation of excess pore rressures: the rate of 
generation and the time required for dis~ipation agreed with theoretical 
predictions, but improveme nts t o theory were necessary in order t o prer'lict the 
details of the dissi9ation process. Tests with a simulated str.11cture on t he 
surface gave several interesting results which are still un~er investi~ation: 
reduced average pore pressures beneath structure during shaking: fl uc t uat i on 
of pore pressure at the forcing frequPncy, a..1ing t o fluctuation of t otril 
stress: horizontal migration of pore pressure follo..Ting shakinn and large 
settlement s during sha1<ing but more after.wan]s . 

The second part examined evi~ence concerning thP. influences of the 
boundaries of the container for the sand. Several questions arise concerning 
the use of stacked ring c ontainment. Static arching effects were observed, 
but may have resulted more from local arching over stress gages than fron 
global arching within t he cont~inPr. The column of sand bent rather than 
deforming only in pure shear, but shenr defot"Mations predominated. The rings 
and the soil moved more-or-less together, although differences precluded using 
measured motions of ring t o give accurate values for strains within the soil. 
It is concluded that use of stacked rings was quite satisfactory for 
preliminary experiments ann for study of the g1=meration and d issipation of 
excess pore pressure, but that a height/diameter ratio less than 1/2 should be 
used. Experiments using a rigid box for confinement revealed strong 
influences of t he end wall, especially by restraining the large strains that 
tend t o develop once a oi = 0 condition is reached. 
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SYMPOSIUM ON RECENT ADVANCES IN GEOTECHNICAL MODELING 

University of California at Davis, 19-20 July 1984 

CRATERING MODEL VERIFICATION: A CENTRIFUGE PREDICTION VERSUS FIELD 

RESULT FOR A 40-TON EXPLOSIVE EVENT. 

K. A. Holsapple - University of Washington FS-10, Seattle, WA 98195 

R. M. Schmidt - Boeing Aerospace Co., MS 13-20, Seattle, WA 98124 

The centrifuge has proved to be a powerful tool in the study of the mechanics of explosive 

and impact c ratering. Over the past several years, centrifuge parametric studies in a 

variety of materials have resulted in a new understanding of the proper scaling for the 

phenomena, 1,2,3,4 and have resulted in new interpretations of the relatively few existing 

full-scale events. In addition, a few "after-the-fact" simulations of previous full-scale 

field events provided validation of the sub-scale technique),6, 7,8 

Recently, an important verification of the technique was accomplished. A cen tr ifuge 

experiment at l /200 linear scale of a complex 40-ton explosive field event was performed 

"before-the-fact" as a prediction of the result of that full-scale event. This example 

furnished a rare opportunity for a comparison of a full-scale event with a centrifuge 

result. 

A description of that experiment and the results will be presented. The design of the 

experiment at this small scale required a number of compromises be made in the model. 

The rationale for these compromises will be presented. 

The results were very gratifying. In contrast to the "state-of-the-art" numerical 

prediction, which proved to be in error by over 100% in volume of the crater, the single

shot centrifuge predict ion was accurate to within 12%. Subsequent refinement of the 

model gave even better accuracy. 

1. Schmidt, R. M., and Holsapple, K. A., Theory and experiments on centrifuge crater
ing. J. Geophys. Res. 8.5(Bl), 235-252, 1980. 

2. Holsapple, K. A., and Schmidt, R. M., On the scaling of crater dimensions-! : 
Explos ive processes. J. Geophys. Res. 8.5(B12), 7247-7256, 1980. 
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study of the PRAIRIE FLAT mult i-ring era ter (abstract) . Conference on 
Multi-ring Basins: Formation and Evolution, 71-73, Lunar and P Janetary 
Institute, Houston, 1980. 
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FACTORS IN THE DESIGN OF 

A ROCK MECHANICS CENTRIFUGE FOR STRONG ROCK 

By 

George B. Clark* 

Background 

Most existing geotechnical centrifuge facilities have been designed 
for soil mechanics research. The large dead load capacity centrifuge at 
Ames Labs, when completed, will provide for the testing of large soil 
models and may have a maximum level of g operation of 300 g's. The 
machine under construction at Colorado University will have a rated 
capacity of about 2 tons at 200 g's. The construction of these facili
ties show that centrifugal research has established a fundamental place 
in the geotechnical community in progressive national teaching and 
research program in soil mechanics. 

Very small scale rock mechanics centrifugal testing was begun in 
1930 at Columbia University, but machines for larger model weight 
capacity are needed for effective research with rock models (Figure 1). 
High costs, availability of high strength materials for rotor construc
tion, lack of design experience, difficulties in modeling complex 
geologic structures, design and use of sensors, and related problems 
have impeded the progress of the development of rock mechanics 
centrifuges and this science has not advanced as rapidly as has soi l 
mechanics. The successful development of soil mechanics centrifugal 
research, however, indicates that rock mechanics centrifugal research 
can be developed in a parallel manner . 

Rock mechanics investigations to date have dealt largely with model 
artificial and natural rock simulating sections of stratified mine roofs, 
photoelastic studies with three photoelastic techniques; and with lined 
and unlined circular tunnels, studies of irregular underground openings, 
faulted structures, massive strata, and rock slopes. The principles 
applied to simulated cratering studies for sand can be extended to rock, 
taking into account its blasting resistance including the modeling of the 
explosive pulses induced in earth materials. 

Advanced designs will be required for large high-g centrifuges for 
rock mechanics because larger models will be needed for more accurate 
simulation of geologic structures. These also must be loaded at higher 
body forces than provided by soil mechanics machines because of the high 
strengths and moduli of most natural rock materials of engineering 
interest. Both the dead load and g-forces also determine the stresses, 
loads, couples, and forces on the critical parts of the rotor, bearings, 

*Research Professor of Mining Engineering, Colorado School of 
Mines, Golden, Colorado. 



and supporting structures of the centrifuge. The turbulence of air in 
the standard centrifuge enclosure absorbs a critical amount of horse
power and generates excessive heat in the air. 

The loads, stresses, rpm, and consequent kinetic and potential 
energies inherent in a large rock mechanics centrifuge will exceed 
those of machines now in operation. These factors present new design 
problems, and existing concepts must, thus, be extended to meet the 
new requirements . Their solution should be proceeded by feasibility 
studies planned to evaluate the projected factors involved. This will 
necessitate among other factors an investigation of the properties of 
the construction metals required, their adaptability to machine and 
design stress loads, their availability, and cost. 

With greater loads the wear and temperature effects on bearings 
must be considered. The turbulence and heating of air in the enclo
sure by the rotor has been a continuing problem with most large 
centrifuges. This may be solved by operation in a partial vacuum or 
in a light gas atmosphere such as helium. 

An underground chamber with about 100 to 150 ft of rock cover 
appears to be the only feasible means of obtaining the desired environ
ment for a large high rpm rotor. This will also provide the necessary 
containment for flying objects in the event of an accident. Surface 
laboratory building structures to house such a centrifuge do not 
appear to be either structurally feasible or affordable cost-wise. Also, 
underground space is usually less costly than conventional surface 
building space. Other factors in a rock mechanics centrifuge construc
tion program which must be addressed are the design of sensors and 
instrumentation, planning of adequate modeling facilities, site 
selection, and related problems. Methods of rock modeling, the uses of 
photoelasticity, novel methods of transmission of sensor reading, all 
require innovative study and planning. 

Another critical aspect of the program is the proper planning of 
effective analysis of experimental results, such as the formulation of 
constitutive equations for geologic materials, synthesis of behavior 
patterns for rock masses, and the integration of usable concepts to 
this type of integrated analysis is essential to the overall success 
of the rock mechanics centrifugal testing program. 

Some of the general types of research subjects which may be planned 
for the centrifuge, most of which cannot be inve stigated effectively by 
other methods of loading, are: 

1. The advancement of the state-of-the-art of the modeling of 
medium strength rock simulant materials. 

2. Use of photoelastic materials for model construction, loading, 
and analysis of geologic structure, their stress and failure under 



continuous loading by body forces, either by stress freezing or by 
means of transmitted stroboscopic or polarized light through models in 
flight. 

3. Use of stress-coat for study of continuously changing complex 
stress patterns in rock models by means of reflected stroboscopic 
light. 

4. Extended study of stratified roofs of strong rocks. Only 
weak rocks (shales) and rock simulants have been studied to date . 

5. Investigation of pre-failure stress and post-failure behavior 
of competent, faulted, and jointed rock masses . 

6. Stress associated with underground openings, and their 
initial and continued failure due to static body force generated 
loads. 

7. Effect of body force loading on intensively broken rock, rock 
mass behavior in caving systems of mining, support during excavatiqn , 
i .e . , the mechanics of arching. 

8 . Problems of excavation and support in intensely fractured 
rock, and its relation to arching. 

9. Investigation of the phenomenon of arching in relatively 
competent geologic materials . 

10. Effect of elements such as water, heat, etc . 

11. Dynamic effects such as cratering in rock, dynamic stress 
waves impinging on underground openings, gravity induced energy 
release, etc., comparison with cratering in sand. 

12. Experimentation with other geologic structures where body 
forces (gravity) cause engineering problems . 

Deficiencies of Numerical Modeling 

While it is fundamental to geotechnical studies, mathematical 
modeling offers a means of solution for only relatively simple rock 
structures. Their capacity for solution of complex geologic struc
tural design problems, especially coupled problems, is limited. 
Brady and St . John (1982) describe more than twenty-six inter related 
factors which may cause critical limitations in the application of 
the computational methods of geotechnical problems : 

(1) Numerical instability; (2) machine dependence of source code; 
(3) lack of quality input data; (4) results of unspecified quality; 



(5) limitations of a given modeling activity not understood, except by 
originator; (6) problems of design not yet solved in use of technique 
include (a) scale effects, (b) difficulty of testin9 undisturbed 
specimens, (c) definition of ambient conditions, (d) mechanical prop
erties of design, (e) in situ state of stress; (7) solutions limited 
to parameter studies of a particular model; (8) discontinuities not 
taken into account; (9) inelastic response not accounted for, or is 
acutely difficult to deal with; (10) pilot scale in situ studies 
limited to observation and reformation; (11) in the use of generalized 
codes--complexity does not lead to more significant analysis; (12) 
logical methodology--includes a scheme containing a large number of 
critically pertinent factors; (13) must ensure execution of all 
elements of logic, no assurance of this in existing programs. 

Further, mathematical models : (14) must use reasonably small 
number of elements, otherwise computer costs are excessive; (15) 
required geometries for codes are symmetric; this is almost never 
found in nature and is a serious source of error; (16) non-linear 
behavior presents acute problems (creep, non-elasticity, etc.) as well 
as non-symmetry, isotropy, etc.; (17) field tests make no contribution 
to code verification, but present an extra level of complexity, (this 
will require special procedures for evaluation, such as physical 
modeling); (18) qualification of codes is limited to prediction of 
upper and lower bounds, and may be li mited to simply showing that 
results are consistent with historical experience; (19) most analysis 
is limited to two dimensional geometry; (20) for elastic and non
linear problems, plane and antiplane problems are coupled, which may 
create computational difficulties; (21) zones of complex behavior are 
small and localized requirin9 extra costly computational versatility , 
resolution questionable; (22) the large scale or small models of 
nuclear waste repositories may readily lead to absurd computational 
models; (23) use of hybrid schemes is recommended for salt reposi
tories; (24) most existing BE and FE codes can model slip only of 
elastic order; (25) FE slip requires large concentration of elements 
near a plane of weakness; (26) site characterization now requires 
determination of response of mass specified load and application of 
an analytical method, usually with the assumption of isotropic, 
elastic behavior. 

On the other hand, in the centrifugal modeling of bedded geologic 
structures, Sutherland, Schuler, and Benzley (1983) state, 11 

••• we have 
demonstrated that a relatively simple centrifuge model can provide a 
wealth of experimental data which demonstrates the complexities of 
geotechnical behavior .. .. " Physical modeling in a centrifuge will not 
immediately provide a means to solve all complex problems in geotech
nical rock mechanics modeling, it is apparent that most of the 
above mathematical limitations do not exist in physical modeling, and 
the two methods should complement each other. This type of mutua ll y 
supportive planning will be required for meaningful progress . 



Relevant factors are: (1) most mathematical models require 
isotropy or symmetry, while physical models can be of various irregular 
shapes and anisotropic constitution; (2) physical models are not limited 
within a practical range by the number of elemental blocks, their shape, 
or properties; (3) physical properties may be modeled according to 
in situ conditions, and parameters of natural materials measured; (4) 
boundary conditions may be designed and adjusted in the physical model 
to simulate many practical field conditions; (5) discontinuities can be 
designed into a physical model according to the ingenuity of the model 
fabricator; and (6) loading can be varied over a reasonable range with 
good simulation, less so in mathematical model, while loading adjust
ments in situ are usual ly not possible. 

Modeling of Models 

Strong natural rock with a high modulus of elasticity can be used 
currently for body force model testing only for very small models in 
centrifuges developing gravity fields well over 1000 g's. For other 
types of rock model testing, it is necessary to use simulant materials 
which have low strength and low moduli, particularly where the scale 
factor is large . Where large models are used to demonstrate body 
force effects on deformation and failure processes in the earth's 
gravity field, very low strength materials are required, the model 
usually being formed of uniform blocks to demonstrate the effect of 
joints and the degree of cementing between the blocks. Higher strength 
materials have been used where external loads are applied, which are 
at the same level of loading as that to which a model is subjected in a 
centrifuge such as that at Ames, i .e . , where gravity loads to 300 g's 
may be possible. 

For investigations of the behavior of full scale engineering roc k 
masses, it has been found expedient to use physical as well as mathe
matical models to study critical factors in the response of rock 
structures to loading, the models being loaded (1) by applied loads, 
(2) by earth's gravity, or (3) by multiple gravity fields in geo
technical centrifuges. Much effective material modeling with very 
weak materials has been done in modeling large scale tectonic masses, 
and fairly large models of dams and open pit mines have been built 
and tested in the earth's gravity field. Much information is available 
for this type of modeling from European laboratories (Fumagalli, 1968 ). 

However, a major current need is for the fabrication of models 
made of rock-like materials to simulate rock for testing of models 
in a centrifuge which has a maximum g-load capacity of 300 g's , and 
dead loads up to several tons. For example, if 600 g's is needed to 
test a given strong rock then that will be modeled with a simulated 
material with a Young ' s modulus and strength of, say, one-fourth of 
that of the prototype rock the latter can be tested at 150 g 's to 
determine critical test parameters. These types of tests are needed 



for parametric studies to correlate test results with mathematical 
model analysis. 

While exact similitude requires compliance with the Buckingham 
pi theorem, which may include a large number of possible variables, the 
problem of material property scaling for rock mechanics investigations 
may be simplified, first by the assumption of elastic behavior. Where 
the failure of the material in the prototype is of concern, then the 
strengths should scale with Young's modulus . Poisson's ratio and 
strain are dimensionless, and, hence, automatically scale, but 
Poisson's ratio must be kept nearly the same in the model and the 
prototype only if it has an effect on critical model behavior (Clark, 
1981). 

Thus, if A is the geometric scaling factor and ~ the stress ratio, 
then (Fumagalli, 1968) 

and 

I 
L 

A = [' 

~ = £., = 
()' 

E 
f' -

0 i'.ie1 d 
()' _ UC 

I - -,-
0 yield O' UC 

where the primes for the prototype, and 

E = Young's modulus 

()' = stress 

a . ld = yield stress y1e 

ouc = ultimate compressive strength 

For specific gravity 

-1 
y = ol 

and the specific gravity ratio 

-1 
P = ~ -~ = ~A-1 

\) I - 0L I - 1 

for a concentrated force 

P = L 2 

and the scale ratio 

( 1 ) 

( 2) 

(3) 

(4 ) 

( 5) 



P cr l 2 2 
I/I = - = -- = l,;A 

P' crl'2 

gi ving two basic relations for static problems 
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the stress-strain relations must follow 
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and for Moh r' s diagram 
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Many tests have been conducted with scaled property materials in 
the earth's gravity field in which case 

LT- 2 -2 
G = .9..,- = = AT = 1 

g L'T'- 2 
( 12) 

However, in a multiple g field the relationship between Young's 
modulus or the stress, and the density and gravity are 

~ =.!:_=E__~_g_ 
a ' L' E' p ' g' 

( 13) 

If the prototype material is used in the model and the gravity 
ratio is increased inversely with the length ratio , then the stresses 
are ideally the same at cor responding points in the model and proto
type. However, if a centrifuge is not available with a large enough 
capacity to provide the necessary loading for a strong rock, then the 
moduli and strength must be reduced and if the density is changed, 
adjustments made for this change in the 

Lg_'._ 
pg 

ratio. Or, rewriting gives 

( 14) 

( 15) 

That is, for a constant geometric scaling factor, i .e., for a model of 



a desired size and shape, and simulation of a strong rock of, say, one
half the strength of Young ' s modulus, with reduced stress of one- half 
in the model, the material properties must be modeled accordingly for 
similitude. If fracture or yield strength are not critica l within the 
testing range then only E need be modeled. 

Although it is desirable to consider other properties of modeled 
materials, the first interest is in modeling rock of a higher modulus 
of elasticity with materials of modulus of about one-half to one-fourth 
that of such prototypes so that they may be used to ma ke models to be 
tested in a large centrifuge at the g-levels currently available, i .e. , 
from 100 to 300 g's . This will provide for a large number of para
metric studies to fill the present gap for data for input i n mathema
tical modeling programs. 

Past research in the modeling of rock properties has been di rected 
at (1) the fabrication of models which can be subjected to the forces 
on a model scale such as dams in the earth's gravity field where the 
moduli and strengths must be very low, and (2) the fabrication of models 
of higher moduli and strength for simulation of a given rock not wea k 
enough to fail under gravity loads, but of the ratio of about 1/ 20 to 
l/30th of the moduli and strength of the given rock (Rosenblad, 1968). 
The latter "rocks" are designed to be subjected to applied loads in 
testing machines, the models being much smaller than those designed for 
gravity loading in the earth ' s field . 

Very low strength materials are usually composed of celluloid, and 
a variety of resins such as the epoxies, phenolic and acrylic resins. 
The higher strength models have been made of materials such as sand , 
plaster, Portland cement, kaolinite, and gypsum cements, and those have 
been subjected to applied loads in attempts to demonstrate the effects 
of loading on models made up of blocks of the material (Table 1). 

In the prospective use of modeled materials for centrifugal test
ing rock-like materials of Class III - Moderate ly Strong wi ll be needed . 
Those in Class II appear to have been fabricated and tested (Rosenblad, 
1968, Saucier, 1967), while representative rock simulants of reasonabl y 
high strength and moduli were developed very recently by Lindberg (1982) 
to model granite . 

The procedures described by Rosenblad (1968) we re used by Haas and 
Clark (1970) in the fabrication of models for circular tunnel s for tests 
of applied loading in plane stress and plane strain, as well as a test 
in a centrifuge. Although such modeling on a one-time basis offered 
some difficulties, obtaining the necessary compositions and establishing 
procedures was not difficult, produced the desired results , and wa s not 
difficult to repeat. 

Rosenblad (1968) desired a rock- like material for a block model i n 
simulation of a jointed schist whose physical properties were known. 



Table l 

Model Material Properties 

Class Stress and Moduli Tyee of Load Materials 

I. Weak 1/1000 ratio Earth's gravity Sand and chemicals 
resins, etc. 

I I. Moderately weak Applied loads Sand, cement, plaster 
1/100 to 1/20 sma 11 mode 1 s 

II I. Moderately strong Applied loads or Sand, cement, plaster, 
1/20 to 1/2 low-g centrifuge strong cementi ng 

materials 

Although such modeling on a one-time basis offered some difficulties, 
obtaining the necessary compositions and establishing procedures was 
not difficult, produced the desired results, and was not difficult to 
repeat. 

Rosenblad (1968) desired a rock-like material for a block model 
in simulation of a jointed schist whose physical properties were known . 
This included that the material should be economical, easily obtainable, 
and reproducible . It was to have an upper compressive strength of 1000 
psi, a ratio of compressive to tensile strength of 20:1, and a corre
sponding Young's modulus. Jointed structure was provided by the block 
construction. Cementing agents tested in an extensive research program 
included Portland cement, plaster, pottery clay, and gypsum cements. 
For filler materials, sand was the best, although hydrated lime, 
kaolinite, and crushed glass were tested. Procedural factors included 
storage methods, types of specimens, mold release agents, batching and 
mixing, vibrating (a critical factor), curing, shrinkage, and procedures 
for specimen preparation. Plotting of results included stress-strain 
curves, Mohr envelopes, and tabulation and analysis of results. After 
considerable experimentation a material was designed which compared 
within reasonable limits of unconfined compressive strength, direct 
tensile strength, Young's modulus, cohesion, unit weight, and Poisson 's 
ratio. 

Although most small scale physical property tests of rock are 
conducted with cores of intact homogeneous specimens of rock, assumed 
to be elastic in character, the properties of rock masses are governed 
more by geologic structure than by the intact strength of the rock 
itself. Here standard engineering practice involves distorted modeling, 
which is used consistently in engineering application . Large scale 
engineering rock mechanics, therefore, is concerned with the mechanical 
behavior of a discontinuum. The mass strength is the residual strength, 



in relation to anisotropy, determined by the bonding of the interlocking 
irregular blocks, and its deformability, elasticity, and Poisson's ratio 
result from internal displacement of the constituent blocks within the 
mass . 

Concern is with not only the intact strength of the rock, but also 
the effects of microfractures, and of close to widely spaced joint 
systems. That is, rock mechanics deals with the behavior of small 
blocks and how these affect the rock mass behavior under applied loads 
and body forces. The density, spacing, and orientation of fractures 
and joints are of primary concern in the characterization of the rock 
mass . Thus, modeling the geologic structure of rock is of vital 
importance along with the details of material fabrication in all physi
cal modeling. 

The strength and other physical properties of cemented aggregate 
materials depend upon a number of factors which include the following: 

1. Strength and moduli of fillers. 
2. Strength and moduli of cements. 
3. Orientation of filler grains. 
4. Cohesion of materials. 
5. Adhesion of materials. 
6. Percent of filler cement. 
7. Grain size distribution . 
8. Additives. 
9. Shape of grains, round, angular, etc. 

10 . Density of components. 
11. Percent of voids. 
12. Density of cemented aggregate. 
13. Properties of cemented aggregate. 
14. Sonic properties. 

While much innovation will be required to obtain results beyond 
the present state-of-the-art, the problems of rock material property 
modeling and the modeling of geologic structure can be solved in the 
future as similar problems have in the past. 

Rotor and Model Holder Design 

Hoek (1965) presented the des i gn equations for a small rotor for 
a high-g centrifuge with a constant cross-section where the radius is 
small and the bending moment is neglected. The arms may be constructed 
of bars, rods, or tubes, preferably of a light, strong metal. The 
total force due to the rotor mass is : 

(16) 



where 

or 

and 

where 

and 

r = the radius of the rotor, in . 

Fs = the total centrifugal force in the rotor, lb . 
n = revolutions per minute 

b =the cross sectional area of the rotor, in. 2 

2 =the weight of the metal, l b./in. 2 

F = bwn 2r2 
= 1/2 bwAr = bos s 2 x 35323 

(j s = l /2wAr 

4TI 2rn 2 
A = , number of g's at radius r g 

g = acceleration of gravity 

( 17) 

( 18) 

(19) 

If the effective weight of the model and model holder are Wm and Wh, 

respectively, t hen the centrifugal force generated by them at rt is 

(20) 

where, a 1 so 

( 21) 

where 

gm = gravitational acceleration at r 1 in the model 

If this load is evenly distributed over the cross-sectional area b, then 
the stress due to F is 

µ 

(22) 

and the total stress is 
wh + w 

= (A 1/2 wr + m) 
b 

(23) 



For a yield stress of the. metal oe' a stress concentration factor 
of 3, and a safety factor of 2, then 

(24) 

For example, if a model weighs 100 lb (45.36 kg), the model holder 
60 lb (27.22 kg), and with an acceleration of 1,000 g's, then 

b = 96 x 10
4 

o - 3,000wr e 
(25) 

and for a light metal with oe = 76,000 psi and 2 = 0.102, b = 15.5 in 2 

for rt = 46 in. 

These design procedures may be modified for a rotor for a large 
centrifuge, which must be designed to take into account the bending 
stresses. Also an arm may be designed with a tapering cross section 
which increases in cross-sectional area toward the shaft to oppose 
the centrifugal force due to the increasing mass of that portion of the 
a rm outward. 

It may be advantageous to taper the rotor because the centrifugal 
force is a function of the radius. Tapering gives the least total weight, 
which may be desirable for large rotors. 

The equation for the total force sustained by the arm may be written 
(Davi s , 1971 ) : 

where 

For a 

But 

rf t bwn 2r F = F + dr s rt 32532 
0 

F = total force at r = 0 
s 

(26) 

Frt =effective weight of model and holder at rt 
b = b(r), a function of r 

constant working 
2 wTrw 

Fs =-g-+ 

b(r) = 
F s 
ow 

stress ow: 

x 2 f w w(rt - x)b(r)dx 
0 

( 27) 

(28) 



and hence 

Thus, 

or 

b(r) 

db Ww
2 

dx = - (rt - x)b 
ow 

2 
db = Ww (r - x)dx 
b ow t 

which is integrated to yield 

and 

but 

and 

Ww
2 x2 

1 nb = - ( rtx - -x ) + C 
ow 0 

At x = 0, with a payload wt and acceleration A at rt 

Aw 
= ln _I = C 

ow 0 

w 2 x2 
b = C e ~ ( r x - -) 

1 ow t x 

r = rt - x; x = r - r 
t 

AwT ww2 2 2 
b = - exp [- ( r - r ) ] 

ow 2ow t 

(29) 

(30) 

( 31 ) 

(32) 

(33) 

(34) 

(35) 

(36) 

Thus the weight of the rotor arms may be decreased by a factor of 
about 10 percent if the arm is tapered, and the cost of fabri cation of a 
tapered arm should be considered. 

Stress Fields in Large Centrifuged Models 

The model rock beams tested in centrifuges at Columbia University, 
U.S . Bureau of Mines, Upsalla University, and the Unive rsity of Missouri 



at Rolla, _were placed in centrifuges with the long dimensions of the 
beams parallel to the axis of rotation of the centrifuge. Hence, the 
curvature of the path of rotation had a negligible effect on the force 
field in the beam . However, in the testing at Sandia by Sutherland 
and in South Africa by Hoek, the axes of the models were perpendicular 
to the axes of rotation of the centrifuges. Further, the rotor itself 
in the very high-g centrifuge (20,000) at Queen's University is a 
rotating disk . The centrifugal field is, of course, the same in each 
case, and the force at a radial distance r is defined by pw2r. The 
stresses in bodies of various shapes is of interest, particularly in 
the case of large rock models where the g forces will be greater than 
those usually used for testing soil models. 

Timoshenko and Goodier (1951) have analyzed the stresses due to 
centrifugal force in thin and thick rotating disks, which analyses serve 
as bases for evaluating the stresses in rotating bodies with othe r shape s 
and boundary conditions . Where the thickness of a disk is constant and 
is small compared to the radius the equation of equilibrium and the body 
force is equal to 

dO CT - 0 
____!:.+ r 8 +R=O 
ar r 

2 R = pw r 

which gives 

2 2 
- 0 + PW r = 0 

8 

For a stress function F 

r _ F = dF + pw2r2 0 r - ' 0 0 dr 

The strain components are 

u 
E: = -

8 r 

or 
de: 

e: - e: +r-8 =0 
8 r dr 

and 
2 

r2 d F + r dF - F + (3 + v)pw2r3 = 0 
dr2 dr 

whose 

( 37) 

(38) 

( 39) 

(40) 

( 41 ) 

(42) 

(43) 



and 

1 3+ v 23 F = Cr + c1 - - -- pw r 
r 8 

= C + C -1 -~ pw
2r 2 

0 r 1 2 8 
r 

1 1 + 3v 2 2 
0

6 
= C - c1 ~ · - 8 pw r 

r 

(44) 

(45) 

(46) 

where the constant s C and c1 are determined from the boundary conditions . 

For a solid disk c1 = O{g) and r = b with no applied forces 

c - 3 + v 2b2 - -8- pw (47) 

(48) 

(49) 

These stresses are greatest at the center of the disk, where 

O' = O' - 3 + v p 2b2 r e --8- w 
(50) 

For a disk with a circular hole of radius a at the center and no 
forces acting on the boundaries, 

The 

- 3 + v 2 ( b2 + a2 
a2b2 

0 r - -8- pw - -2- -
r 

3+ v 2 2 2 a2b2 
a = - - pw (b + a + - 2- -e 8 r 

ma ximum radial stress is at r = lab, 

3 + v 
8 

2 2 
PW ( b - a) 

the ma ximum tangential stress is at r = a 

r2) ( 51 ) 

1 + 3v r2) 
3 + v 

(52 ) 

where 

(53) 

(54) 



and is larger than (cr ) r max. 

For a stress distribution symmetrical with respect to the axis of 
rotation, but a disk of greater thickness, the differential equations 
of equilibrium are 

dO dT 0 - 0 
_r + _g + r e + pw2r = 0 ar az r 

dT dO T 
_!!+-Z+~=O 

ar az r 

and the compatibility equations become 

This gives 

2 X = pw y, 2 Y = pw y, z = 0 

2 2 1 a2e - 2riw2 
'il crr - 2 (cr r - cre ) + T+-: -z = ~ 

r ar 

'il2cre + .L + _ l_ l ae = 2pw2 
2 (cr r - cre ) 1 + v r ar 1 - v 

r 

2 2 'il2cr + _ l_ a 0 = 2vpw 
z l+ v 2 -~ 

az 

(55) 

(56) 

( 57) 

( 58) 

(59) 

(60) 

And finally the stresses for a disk of uniform thickness are 
found to be 

= 2[3 + v ( 2 2) + v(l + v) (c2 _ 3z2)] (61) 0 r pw - 8- a - r 6(1 - v ) 

3 + v 2 oe = pw [ 8 a + 3v r2 + v(l + v) (c2 _ 3z2)] (62) 
8 6(1 - v ) 

Compared with the solution for this disk there are additional terms 
(c2 - 3z2). The stresses are small for a thin disk and their resultant 
is zero. If the rim of the disk is free from external forces, the solu
tions (62) give the state of stress in the disk some distance from the 
edge . 



Radial Columns 

For a thin slab shaped model in a holder, the tangential stresses 
usually play a minor part, and the radial stresses are counteracted by 
the holder . The same procedure may be used to determine the radial 
stresses in the model, the rotor, and the model holder, as was done by 
both Hoek (1965) and by Davis (1971) . 

The following assumptions are made for the mathematical evaluation 
of radial stresses in the model (and rotor) : 

1. The rock is homogeneous in density, uniform in composition, 
etc . 

2. It is of intact structure, i.e . , has no faults , joints, etc., 
which will affect the radial stress distribution . 

3. It is of uniform th1ckness but is thin relative to the length 
of the radius of the rotor. 

4. Lateral effects in the direction of rotation very near the 
axis of rotation are ignored, those at greater radii are 
negligible. 

5. If the plane of the model is normal to the axi s the tangenti al 
stresses may affect the overall stress di stribution . 

6. The thickness of the model will determine cond i tions of plane 
stress or strain. 

7. For the purposes of the follow i ng analysis the curvature of 
the centrifugal field may be neglected. 

8. As a result the tangential stress which are normal to the 
radial stresses may be neglected. 

The radial stresses in a model, or in the rotor, may be determined 
for either a model of height r2 - r1 or of the model extending to the 

axis of the centrifuge, although the latte r never occurs in practi ce 
(Figure 2 ). The centrifugal force act i ng on an el ement of unit width 
and thi ckne ss , and depth dr, results in a stress dor, or 

Clo 
( do + _r d r) do = p w 2 rd r 

r ar r 
(63) 

which reduces to 

d - 2 d or - p w r r (64) 



and upon integration 

2 l 2 2 2 
cr r = p w f rd r = P 2 ( r r 1 ) 

rl 
(65) 

and at the bottom of the model: 

2 
_ pw ( 2 cr - - r -

r 2 2 
(66) 

The effective average gravity in the model is pw2(r2 + r1)/ 2 acting at 

the geometric center of (r2 - r1). Hoek (1965) showed that the relation
ship between the stress in rock in situ due to the earth's gravity and 
that in a model in a 53 inch diameter centrifuge, and that the difference 
between the two is quite small. 

If a model is rotated with a large dimension normal to the axis then 
the later~l (tangential) stress must be taken into account, and also if 
the model is parallel to the axis but is thick relative to its height . 
In the model holder the radial stress is opposed by the stresses in the 
rotor (see rotor design} . For the radial stresses in a rotating disk 
with internal and external radii a and b the maximum radial stress is at 
r = lab and the maximum stress is smaller than that in a column . This 
principle was probably used in the design of the Queen's University 
centrifuge rotor . 

For the determination of the radial (tensile) stresses in the arm 
of uniform cross section, and the (compressive) stresses in a model 
which extends the complete length of the radius its value is given by 

where 

-- + 1 2 2 or - 2 pw r 

n = rpm 
p = density of arm or model 

w = unit weight of material, lb/cu in. 

rt = radius of rotation, inches 

r = radial stress, psi 

The stress equation may also be written 

cr = ± l wAr 
r 2 t 

(67) 

(68) 



where 

A = number of g's acceleration at rt. 

For a model of (radial) depth (r2 - r1) = h the radial stress is 

l wn 2 2 2 
0 r = 2 35323 (r2 - rl) (69) 

An example of the variation of stresses in a 5 foot model in a large 
centrifuge with a 35 foot arm is given in Table 2. 

Table 2 

Radial Stress in Centrifuged Model 

h = 5 ft rl = 30 ft r = 35 ft 2 

rpm r's at r2 r1or+l/2h or2 

100 119 319 664 
125 185 498 1037 
150 268 718 1495 
175 364 978 2035 
200 476 1278 2658 
225 602 1620 3364 
250 743 1993 4150 
275 890 2412 5021 
300 1071 2871 5976 

Or for the smaller centrifuge dimensions but with the same model 
height, the stresses are given in Table 3. 

Table 3 

Radial Stresses in Centrifuged Model 

h = 5 ft rl = l 0 ft r 2 = 15 ft 

rpm r's at r2 r1+1/2h r2 

l 00 51 141 255 
125 79 218 398 
150 115 315 573 
175 156 428 780 
200 204 560 1020 
225 258 708 1290 
250 318 875 1593 
275 385 l 058 1928 
300 659 1260 2295 



That is, if the model height and the radial stresses are kept at a 
constant value, and the rotor radius is decreased then the rpm mus t 
be increased (Figu~es 4 and 5) as well as the g-level . 

In the radial stress equation for a model if the size of the centri
fuge is increased and the stress at the bottom of the model is to be kept 
constant, and all dimensions are scaled, both of the centrifuge and model, 
then 

2 2 2 
0 n(r2 -r1) r 
-,- = = 

I 2( I 2 ,2) o r n r - r l 2 

{70) 

or 2 2 
n'2 (r2 - r l ) 
- 2- = ,2 ,2 n r - r l 2 

(71) 

and required rpm varies inversely with the radius . 

As given elsewhere, the stress in the rotor due to the we i ght of 
the rotor itself is 

l o = - wAr a 2 t 
(72 ) 

or the stres s increases directly with the number of g' s and with the 
length of the arm (see al so rotor design). 

A basic factor is that if the height of a rock model i s t o be 
scaled with the same linear scaling factor y as the rotor radiu s for 
constant maximum stress at a representative point in the model, then 

2 2 I , 2 y = n n (7 3) 

at a radius r2' 
2 

= 
n r2 g 35232 

(74 ) 

and at r' 
2 

n2r• 
g' = 2 

35232 
(75) 

or 2 
.9_ = 

n r2 = y 
g' 12 I n r 2 

(76 ) 



Thus, if the model and rotor are both linearly increased in dimension 
for the same stress at r2 the number of g's required at this radius is 

smaller by the inverse of the scaling factor. This same loading principle, 
i.e., decrease of required body force required to stress a model also 
holds for beams as described earlier. 

Beam Scaling Factors 

In both of the gravitational fields in the earth's crust and in 
models loaded in a centrifuge the stresses in geologic rock structures 
may be caused by two mechanisms: 

1. Those due to the direct body force loading in a member of the 
structure, such as an isolated beam loaded by its own weight, and 

2. Those induced by the stress field created by the whole mass, 
such as the stresses caused by the weight of the overburden, including 
the horizontal stresses caused by Poisson's ratio effects. 

A separated stratum of an in situ horizontal lying mine roof is subject 
to a direct body force which is uniformly distributed throughout the 
beam and acts in a vertical direction. The restrained ends are held 
vertically by the weight (body force stress field) of the overburden, 
constituted of a load acting downward and an upward reaction. In 
addition there may be a horizontal component to the accompanying induced 
pressure (stress). Tectonic forces would also add components, but 
these are not usually directly gravity induced in the same sens~ as the 
other stress fields. 

The beam above the first, which is in contact with the stratum 
above it, is acted on by the same stresses due to the beam's own weight 
plus a distributed load on its top surface due to the interaction there. 

The body force loading of simple and restrained beams either by 
gravity or by a body force in a geotechnical centrifuge is of engineering 
interest because sections of competent stratified mine roofs can in many 
cases be represented by elastic beams . The assumption of elasticity i s 
necessary to the mathematical solution of the equations of equilibrium, 
etc . , for restrained beams. The elastic constant, Poisson's ratio, 
enters only in the equations for horizontal stress for restrained beams 
and a simple· beam loaded in a centrifuge. The plane stress distribution 
may be obtained mathematically by use of the Airy stress function, 
equations for equilibrium, etc. (Caudle and Clark, 1955). It was noted 
in this analysis that in order to obtain a comparison of the magnitude 
of stresses in (a) beams with a uniform load , (b) beams loaded by their 
own weight, and (c) beams loaded in a centrifuge, that the uniform load 
q had ~o be set equal to 2 cpg for a beam loaded by its own weight and 
wcpr

0
w for a beam loaded in a centrifuge. (Tables 4 and 5.) 



· Table 4 

Compilation of Stress Equations for Simple Beam Loaded by Three Type Loads 

-
No. Tot.al Load tr. tr, Tzr 

IA 
Uniform 3qy qy ( 3r') qy q 3q.r 

Lo11.d 
tr, - - (l'-z')+-- y' - -- tr, - -- (3c'-yl) - - T,,= - - (C2 -y2) 4c' 2c' 5 4c' 2 4c' 

18 
Load11d by 3pgy pgy ( Jr ) pgy 3pgz 

Own w~ight 
tr,---(l'-z')+-- yl--- tr, ---(c'-yl) T,,= -~ (c1 -yl) 2c' c' 5 2c' 

IC 
Ontrifugal 3pw'r.y pw'r,y ( 3r' ) pw' ('•Y ) 3pw'r,.:z: 

Loading tr, =--~i;;;- (l'-z'l+- -;i-- y'-- 5-- tr, = -
2
-(c' -y') 7+1 T,,= ---(C2 -y') 

:.!t·' 

•pw' ( c' ) 

__ t 
+ - 2- 3-y' 

-- - I I 

Table 5 

Compilation of Stress Equations for Restrained Beam Loaded by Three Type Loads 

No. Tot.ul Load tr, "• Tzr 

llA 
Uniform 3qy qy ( 3, .• ) q11 q 3qr 

tr - ---(1'-z')+-- y'- - - tr, = -4~ (3c'-y')-2 T,, = -~ (c1 -jf) 
Load • 4c' :le' 5 

qy ( l' 3 3u) 
2c c' 5 2 

llB 
Loaded by 3pgy pgy ( 3c' ) pgy 3pg.r 

Own Weight 
tr, ---(l' - z')+ -- y'- - tr, - -ici -(r'-!f) T - --· - (c'-y2) 

2c' c• 5 ., :le' 

( l' 3 ) -pgy 7 - 5-; 

llC 
Centr ifugal 3pw'r.y ,,,,,tr. y ( 3c' ) 

pw' c·Y ) 3pw'r,,r • 

Loading 
•.--- (l'-z') +-- y2- - 11, = -

2
- (c'-y') 7+1 T =---\C2- y• I 

2c' c' 5 •• :le' 

,,,..,. ( c' ) 
-+- 2- 3 -lf 

-pr.w'y ( ~-~-~) 
c' 5 2 



These factors contain a linear dimension of the beam c. Thus, while 
the stress equations for a uniformly loaded beam are dimensionless for a 
normalized stress o /2, the terms for normalized stresses o /pg and 

2 x x 
ox/pw r

0 
caused by body forces are not. That is, for geometrically 

similar beams where the dimensions 1 and c of a unit beam are increased, 
the stress at corresponding points in simi l ar beams is the same for a 
uniform load q. As the dimensions of beams are increased in proportion, 
in the beams loaded by (b) or (c), however, the maximum stresses all 
increase with the increase of linear dimensions for which the loading 
parameters are held constant. For constant stress the body force load 
is decreased directly with increase of model dimension. 

Of particular interest are the critical stresses which may cause 
fracture initiation (Figure 6 ). The stress in the bottom fiber at the 

center is proportional to 1
2/c , which mean that the beam stresses 

increase with the dimensions at a constant body force load. The same 
types of increase of stresses occur for the vertical and shear stresses, 
although all do not increase in direct proportion to the scale factor of 
the beam size. In practice for very large beams with conventional 
applied loads, it would become necessary to consider the stresses due to 
gravity. 

Arching of Incompetent Geological Materials 

The arching of roofs of underground excavations in broken rock such 
as mines and underground power stations, etc., illustrates the well known 
phenomenon of the transfer of stresses in sands, soils, and broken rock 
when they are excavated and contain foreign structures. The loads in the 
rock and on the structures are due entirely to gravity body forces. The 
mechanical action of the materials is also related to the occurrence of 
hang up of fine and coarse materials in bins and chutes which cause well
known engineering problems. Such phenomena are all controlled by material 
properties, but flow and stability are ultimately determined by the force 
of gravity. 

Quantitative experimental arching studies have been made (l) with 
fine sands with three types of material-structure interaction, as well as 
(2) centrifugal studies of the arching of competent rock, both massive and 
layered, and (3) qualitative studies of the behavior of weak, incompetent 
geologic structures around tunnels. This behavior of coarse bro ken ore in 
mine chutes is closely associated, as is the flow and instability of broken 
ore in caving methods of mining . 

Arching tests with fine sand have used the following mechanisms to 
evaluate the transfer of load of the material overlying an excavation or 
included structure by: (l) dropping of a trap door under a sand column in 
a box, (2) raising of a trap door, and (3) the inclusion of movable struc
tures in the sand. The pressure on the door or structure or the pressure 
in the sand indicates the load transfer, and while early experiments used 



only the weight of the sand column, later research included the effects 
of applied surface pressure. These conditions have two deficiencies, 
(1) the pressure distribution as with similar soil mechanics situations, 
are inadequate to demonstrate the effects of gravity, and (2) applied 
pressures likewise do not simulate the effects of body force loads. 

With the exception of the simple trap door experiment the effects 
of gravity are not simulated. This can be effectively done in a 
centrifuge where the important factors affecting the material behavior 
can be modeled. In a current military engineering problem in deep 
basing and egress through fractured and rubble rock materials, the 
detailed mechanics of stability of flow of either heterogeneous or 
relatively uniform broken materials are not known . A large centrifuge 
would provide a means of determining their important behavioral param
eters during and after excavation. Specific parameters which require 
simulation to give representative engineering data include body force 
loading and resultant pressure distribution, pressure magnitudes, 
comparable internal friction, structure interaction, means for 
instrumentation, and general observable results of large model simili
tude studies . 

Rock Mechanics Centrifuge Facility 

Of the large (greater than 8 ft diameter) geotechni cal cent r i fuge s 
currently in operation none have a body-force capacity above 300 g's . 
However, the principles which have been learned in the succes sful des ign 
of these machines have established a foundation of engineering informa
tion for the effective design of centrifuges of larger diameters for 
critical machine elements for higher g loads needed for rock mechanics , 
particularly the rotor and bearings. The methods of analysis of powe r 
source and power drive problems are well established, and electri c , 
gear box, and hydraulic drives have all been employed . 

The construction of a centrifuge chamber to provide both safety 
and a low pressure, partial vacuum for low-power operati on can 
economically utilize a sealed underground chamber excavated in compe
tent rock. Design feature s will include rock support problems, 
sealing the rock and design of air-tight doors, and defiladed entran ce 
ways to prevent flight of high velocity objects, etc . An adequat e 
vacuum pump system may be designed of moderate capacity. The chamber 
will probably be excavated by drill and blast, supported with roof 
bolts, sealed with liquid grout, shotcreted, and provided with air 
scoops to assist the rotor in the air evacuati on process . Instr umen
tation systems may be made and installed for model observation and 
instrumentation. Existing types of sensors and instruments employed in 
soil mechanics centrifugal testing may be utilized where appli ca ble , 
catalogued for potential use, and the proven techniques used in rock 
mechanics research. 



The special innovative requirements for a support model shop for 
the effective design and fabrication of models must be planned to include 
the preparation of artificial and natural rock models, photoelastic 
models, use of stress-coat, sensor installation and testing, debugging, 
and all related fabrication and model mounting operation. A method is 
needed for checking out instrumentation and sensors on an experimental 
setup can be designed which will not occupy the centrifuge itself 
during the debugging process. 

Recommendations may be formulated from the information similar to 
that given in this paper for sizes of machines that will serve for the 
foundation of a phased program in the development of a rock mechanics 
facility . This can be initiated with a relatively small machine for 
which the components are more easily proved out. Then a larger 
machine may be constructed, its design based upon research findings 
and well defined requirements. A cost analysis will be needed for the 
design, construction and operation phases of an effective facility for 
possible machine sizes and capacities which are found to be best 
adapted for rock mechanics research. 

Rock model design is rapidly developing as an art and science, 
and two decades of experience in geotechnical mathematical modeling 
can be integrated into a combined, fruitful program of study. 
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