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CENTRIFUGAL MODEL TESTING OF FOUNDATION SOILS OF BUILDING STRUCTURES
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SYNOPSIS. The present paper deals with the centrifugal model method intended for study of

deformations and bearing capacity of sand,clay and peat soils in r&ilw
ring construction. The difference is shown in deformability of sand so
impartant conclusion has been made that with one and tm came unit
pressure the settlement of sand soil will incremse linearly with a decrease in

ding on unit weight, An

and civil enginee-
il foundation depen~

unit weight.

The efficiency of s0il compactipn for sand soils under cyclic loading has been established.
Modulus aof deformation of sand so0il compacted by cyclic loading can be increased by one and
a half times. Similarity criteria are suggested for modelling settlements

which enable to accurately transfer from model to full~svale values. The bearing e¢apacity
of deep foundations was investigated with allowance for any expected effects. A modelling
procedure has been advanced to simulate construction period during the erection of fills,
dansg, dykes, etc. The latest design apparatus is described intended for centrifugal model-
ling of foundation soils under building structures.

When modelli
weighable sBoi
applied., Then with a plane problem the fol.
lowing relationships should be fulfilled:

U/p=1; Y p=tg'¥x where x is a cartesian coore

dinate, p- is & stress, g - 1s gravitational

limit equilibrium state of a

acceleration, ¥ - is a similarity miltiplier.

The relationships would be satisfied if
oartesian coordinates with the model under
consideration are{ as much as those with
the prototype and accelerations set up on
the model are times as much as g=9.8l m/se
The wvalue of value A measured on the mo-
del is to b2 recalculated to get AH for the

prototype by the rule A'H:YA‘AH' wherey is

similarity multiplier for wvalue A,

To simulate mode of deformation of a weigh
able soil when relative compression e is

of a non-linear character and depends on

the compressive stress p by the rule

= w—B__, where E and ¢ are reievant phy-
E+c.p

sical constants of soil, for the simpliest
case, i.e. a one-dimensianal compression
the conditidn Ye= \yp=1 is to be satisfie&

It was Fillips who in 1869 substantiated
the modelling <:cmd.it::l.m:uyx =1 for weigh-~

able elastic bodies which obey the rule

body Ceulomb*s law is normally

E*exp. He suggested centrifugal machine to

be used to fulfilfthe canditicm, Rillips,
however, suggested the centrifugal model
test method to be used to determine deflec—
tions of beams which appeare to be of lit-
tle importance and did not develop any
further.

As far as foundetion engineering is ¢oncer-
ned Pillips! concept was implemented simul-
taneously, in 1953 by Prof. G.I.Pokrovsky,
(USSR) and Prof. P,B,Bycky (USA).

At present in the Soviet Union there are a
few dozens of operating centrifugal test
machines employed to simulate engineering
problems such as determination of deforma-
tions and stability of bases (foundation
soils), fills, retaining walls, underground
openings and workings, dams, etc.

The settlements of sand soil of a rigid
foundation slab have been studied with
allowance for unit weight (bulk density)

on a centrifugal machine (Fig.l) with the ro-
tation radius of 2,000mm and scaling ratio
af up to 100,

The machine is furnished with displacement
pick-ups, with the accuracy of +0,0lmm, an
automatic charging device and Television-
camera. The investigation was performed by
N.Y,Rudnitsky and K,V.Malakhova under the
suidance of DoEoPOl'Sh-in.
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FIG.l- SCHEME OF A CENTRIFUGAL MACHINE
l-Carriage; 2~ Electrical engine, with
capacity of 100 kwt; 3~ Horizontal
shaft; 4~ Reducer; 5= Vertical shaft;
6~ Lower bearing; 7- Rocker; 8- Current
collector; 9- Television-camera system.

In testing a medium-granular sand was uged,
unit cohesion of sand was 0,07kg per cm<,
the a.ggle of internal friction being equal
to 3a4Y, The sand was placed into a cantai-
ner measuring 40cm x 40¢m in plan, the
height belng also 40 ¢m. The container was
filled up with sand with the use of ramming
to get tge bulk density in the range of
1.59 t/m> up to 1.72 t/m>. Sand humidity
was 4%. The prototype was foundation slab
measuring 2.,lm x 2,1m in plan. The model
dimensions were taken 105mm x 105mm, sca-
ling ratio being 20.

The experiment wes atarbed by pressing the
801l model with centrifugal forces and eli=-
minating plays in the conméctions of trans—-
ducers' parts. Tho conditions of thohtest
wero as follows¥ relatiwve depth was ’

relative thickness of a compressed layer
was =2, where h: model foundation depth
2a: th# model width; H: soil layer thick-
ness in the container. The ratio of contai-
ner and modelwidths was 3.8.
Microirregularities on the model footing
woere established to affect the results.
With contact pressing of soil model founda=-
tion relief accelerated settlement occurs
which is not, however, characteristic of
the soil bulk deformability. Therefore the
value of settlement due to local soil com-
paction of microirregularities of soil re-
lief should be excluded when considering
soil settlement,

The model was loaded in stages in the field
of centrifugal forces and relevant settle-
ment values were measured. The load values
were 0.3%, 0.53, 0.70, 0.87, l.14 and 1,66
kgf/cm2, respectively. The tests have shown
the difference in deformability of sand
foundation with departures in bulk density
of 80il models af +0.02 t/m”.

In Fig.2 are shown the charts representing
bulk density dependencies of average sett-
lement, the average pressure being constant.
Analysing the charts one may come to a very
important conclusion: with dense and medium—
dense sands and constant averale pressure,
the settlement increases with a reduction

in unit weight of the soil by linear depen-—
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dence. (P=0.+1,66 kgf/cm?).
The "average pressure-settlementY relation-
ship for loose sands is non=linear. An ap—
proximate computation of foundation settle-
mants for loose sands can be made from the
formula expressing non-linear dependence
between settlement and pressure (Rudnitsky,
N.Y.,1968).
The scattering of experimental points de-
¢creases with an increase in pressure which
18 accounted for a better contact between
model footing and foundation soil. The
greatest scattering is found to be in the
range of O to 0.25 kgf/cm<, i.e.with rela-
tively small pressure values. The authors
have compared the average settlement of
the prototype foundation measured in the
tests performed at the Research Inatitute
for PFoundations and Underground Structures
(USSR) with the average settlement of a mo-
del, scaling ratio being 20. The discrepan-
cy proved to be about 30% which is quite
adequate to predict soil settlemeamts of
structures,
Deformability of sand foundation under cyc-
lic load waB also investigated by centri-
fugal test method., Medium gragular and me-
dium dense sands (2 =1.72 t/m2,wot®, £=0,61)
as well as lgoose sands of a medium size
(7 =1.59 t/m>,w=4%, £ =0,74) were investi-
gated. The first oycle laading of model was
carried out in stages with loads of 0,33,
0'55. 0070' 0087’ 1.14. 1."’0 and 1.66 ﬁth
subaeguent exposure up to stabilization.
Then the elastic fraction of a settlement
was measured after a total unloading. The
second and the third cycles consist in loa-
ding maodels by the pattern of the firat cyc-
le. The mode of deformation of sand soll
depends on initial (structural) density of
80il as i1t can be Been in Fig.3.
With loose sand the most significant com=-
paction is obtalned after the first cycle
loading. To estimate the lnorement in den-
sity of sand foundation eoil the modulus of
deformation B§ end E} should be determined
from the curves of the primary and ssconda-
ry compression in_the loading range of 0,87
up to 1,66 kgi/omz. With medium-dense sand
E§=466 kgf/cm® and B} =760 kgf/cm2, the mul-
tiplying coefficient to modulus of deforma-
tion being K. =1.63. With loose sand
E4=110 kgf/cm, EY =213 kgf/cml and K. =1,93,
respectively. The elastic part of deforma-
tion varies from 1.2 to 5.2mm depending on
initial density.
In 1962 G.M,Shakhunyants and T.G.Yakovlev
(Moscow Institute of Railway Fngineering)
designed and constructed a centrifugal ap-
paratus with rotation radius of 2,500 mm
rate of rotation N of up to 340 rpm and
gggle ratio m within the range from 10 to

L]
With this system the values of expected
settlements for rallway fills with the
neight of from 2.0 to 20,0m and their foun-
dation soils can be predicted, both for
firm and soft grounds, and soil consolida-
tion effects be investigated. When investie-
gating soil settlements in fills and their
bases the basic parameters were bulk (vo-

lumetric) forces, namely unit weight of soll

653



653

& mm

/R

30
T
25 :\\
P I R i
l ‘\ B~ ~
Al = e e
® D e
A \ 7‘ e~
S e S =
1/ A
158 160 [62 [6%  [66 (68 L70 [72 174,
> g

FIG.2- THE UNIT WEIGHT DEPENDENCE OP AVERAGE SETTLEMENT FOR SLAB
FOUNDATION WITH ORE AND THE SAME AVERAGE PRESSURE

1- p=l.1l4kgf/cnl; 2- 1,0 kgf/cm®; 3= p=0.8 kgf/cm>

4~ p=0,6 kgf/cme.
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FIG.3 THE "AVERAGE PRESSURE-AVERAGE SETYLEMENT OF FOUNDATION SLAB SOIL' CHARTS WITH
CYCLIC ILOADS: a- for medium-~dense sand

Y » compressive stress p=) H,H-the thickness
of the compacted layer of soil,settlement of
fill or foundation model s, coefficient of
s0il compressibility a=f(p,£ ) void ratiof.
When modelling without considering overbur-
den loads or when the exterior dynamic load
due to train load is replaced for a static
load represented as an equivalent soil layer
of unit weight ¥ ,then compressive stresses
p are determined only by bulk forces and the
dimensions of the structure under conside-

ration. If materials of the prototype and mg-

del were the same and their states (relative
humidity w,density were identical then
the following similarity criteria were app-
lied in simulation:

§=idem )
and 3’3 =idem (2)
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b- for loose sand

Validity of the two criteria has been ve-
rified when investigating the settlements
of 15 and 20m- high fills of loams with
m=75,100,125 and 160, and practical conver-
gence of the results has been established
with different scaling ratios,the depar-
tures from mean values being 6 to 13%.

When establishing standard requirements to
densitis of railway fills (Jakovleva,T.G.,
1968) large=scale test of relevant models
were carried out by centrifugal test method.
The soils investigated included loams and
clays, their basic parameters being:liquid
limit Ws29-31%, sticky limit W,=17-20%,
plasticity index W =12-18%, miximun_stan-
dard density y'g. may =1s71-1.77 gf/cm3,o0pti-

mum humidity Wopp=18-20%.
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FIG.5 EXAMPLES OF CURVES SHOWING SETTLEMENT
DEVELORPMENT WITH RESPECT TO TIME

Centrifugal modelling method also yields
mdequate results when investigating final

gettlements of peat foundation soils of
(railway) fills (Yakovleva T.G.1970). So with

PIG.4~ RELATION BETWEEN TOTAL SETTLEMENTS
OF FILLS AND INITIAL DENSITIES OF
SOILS

Fig.4 shows the plotted relationships bet-
ween total fill settlements s (in terms of

foundation soils of moss
w=800 to 1,100% the fill soil settlements
have been determined and compared with the
Bctual settlements measured by geological
surveying method. The results are given in

sphagnous peat with

the parcentage of the £ill height) with non- 1abie L.

compresgible foundation and initial density Table I

of the eoil (correlation ratio is 0.72,pa- =

rabolic regression coefficient is 0.67). Sec. Soll Parameterxr § Settlement

To perform model testing of full-scale fills no. p.o_ Af—

the centrifuge acceleration pattern should ors t cep ko8B experimen- actual
be specially designed to meet the require- W% tal

ment that change in p of the model during 7 Y

acceleration should closely follow that in

Smb Sb% smb sb%

the prototype during the censtruction pe-
riodl.ng this end the following equations 1 0.06 1,222 g:-gg 1-.-52.3& 5.41 78,4 5,50 79.8
are eaqa: 2 .
¥ Tl 5y 20.06 1,222 §:92 AL 552 76.8 5,78 83.8
A(D+r x sindgp ) o.12 9%2
. tmi (uy 3 0.08 1.28 G318 ‘%57 4.38 51,6 8.38 98.7
= ny 0,11 981
. . B 0ull 1,179 23 #F 5055 69.4 5.74 71.8
where Az =m=—-=p---=== = 1,23.10" sect/m? 80
8. 50 50,10 1,168 4 208 4.55 69.0 4.83 73.3

distance from the axis of rotation of
machine to the carriage suspension axis,
distance from the carriage suspension
axis to the model centre of gravity,

actual angle of carriage tura at the mo-
ment ty; of model test,

: the time period which is associated
with the full-scale fill erection and
corresponding to t“i;

z=2 (for saturated soils),
2=1 (for partly saturated soils).

de
G: 11

Thus from time-settlement curve (an example
of which is shown in Fig.5) one can separa-
te settlement during construction period S.,
from the total settlement S and get diffe-~
rence of these settlements, i.e. the settle-
ment values during service period,
Recommendations based on the results obtained
deal with the standard (recommended) densi-
ties for railway fills under various condi-
tions,

Centrifugal modelling method also yields

adequate results
2006

Notes: (1) In the Table are given settle-~
ments of peat soil due to its com-
paction and ejection (pumping),per
cent from the peat soil thickness:
(2) In the nominator are given the
data beyond the fill limits, in the
denominator are those for soil di-
rectly under fills,
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There is a rather close correlation between
the results obtained on models and prototy-
pes in four cases of five. A centrifugal test
system has also been applied to investigate
strength and settlements of sand soils of
isolated, unilinear and multilinear deep
foundations constructed from piles,shells
and piers with the load bearing capacity

of up to 10,000t and sinking depth of up to
26m /5,6,10/.

At the outset of the experiment the soil in
the carriage (See fig.6) was compacted by a
vibrator attached to the latter. The model
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was placed into position through a special
Jjig to conmtrol its position on the plane
and in height. Then the charging device and
mnicrometre-transducers were installed.
Scaling ratio m in modelling varied from
18 to 133. The settlement values measured
6n models were then recalculated for the
prototypes by multiplging them by factor m
and loads by factor m=, respectively. The
validity of such relationships was checked
up by comparing the recalculated (expected)
settlements and loads obtained in simula-
ting one prototype but with different sca-
ling ratios, Various modelling systems have
been used for this purpose, including the

Muss test method for sand soil when a lxlm
punch was employed with sinking depth of
Oe5m.
— Ll
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FIG.6. a) Scheme of the foundation model

position in carriage arrangement,
b) Charging device

l- model, 2= so0il, >~ bracket,
4- displacement gauge, 5- charging
device, 6+1l1 engine,reducer,gui-~
de acrew, moving load weight,sen-
sor (transducer),holders, 12-bra-
cket of charging device,l5- pin
(finger).

In the absence of granulae exceeding 2mm
in soil no detectable effect of geometrical
unsimilarity in sand granulae of model was
found: with model diameter exceeding 6 mm
for pulverized (power~like), and fine-gra-—
ined sands, 8 to 10mm with medium-grained
sands and 10 to 12mm with coarse sand.
When testing model foundations,trial loa-—
ding procedure was used: the load was app-

lied in stages by %5 or %U of the sxpected

up to the failure load: each time the load
was exposed till damping of settlement,
Telecommunication between loading and mea-
suring devices in the tests was performed

with the use of selsyns through centrifuge
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collector wires.

Movable load weights positions of the loa-
ding arrangement were determined for each
field of centrifugal forces individually,
Measurement of model settlements was carried
out with the accuracy of about 17% for settle-
ment value of 200 and about 4% for settle-
ment value of 2,000.

The mathematical expectation was equal to
0.68 (one standard error) with a single test.
The accuracy of measuring settlements and
loads is well shown in Fig.7.

By centrifugal test method a sufficient
amount of experimental "Settlement-load"
charts for various foundations has been ob-
tained. Their study enabled to establish
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the effects of a number of parameters on the
behaviour of foundatiom soils,namely:density
and grain-size distribution,relative depth
(embedding),dimensions in plan and depth of
deep foundations,pile spacings and their

number, pile driving methods. The statistical

heterogeneity for design load and settlement
has been shown,

Fig.8 Gives an example of the obtained rela-
tionships for coefficients kp and kg allow-
ing for the effect of varianc® in strength
and settlement with unilinear arrangement

of piles, shells and posts (Czizikov,P.G.,
1965,1969a,1969b).

Fig.8 gives an example of the obtained rela-
tionships for coefficients kp

CONCLUSIONS
1) Por dense and medium-dense sands,with one

and the same average pressure,settlement will

increase linearly with a decrease in soil
unit weight. (%:ou.ss kgf/cm2)

2) When considering "settlement-load" curve
for the stage of compaction the zone of soil
microrelief pressing and the portion indica-
ting the compaction of the whole s0il medium
can be observed. The first stage settlement
should be excluded when analysing final soil
deformations.

3) Coefficient of accuracy for the centrifu-
gal modelling of settlements is about 0.7.
To predict settlements it is recommended to
employ centrifugal test procedure instead

of costly and time-consuming experiments in
big containers.

4) When caleculating a list (inclination) of

the structures acting for cyelic loads (ele.
vators,ete) with sand foumdation soils it is
recommended to imcrease themodulus of defor-
mation with the following formula:

Eo= k. « By

where k =1,5 is a multiplying coefficient
to the modulus of deformation for sand
s80ll allowing for the compaction of
pe 80il under cyclic loads;

EO - modulus of deformation of the soil de-
termined with punch tests,

5) The accelerating pattern of the machine
should be designed by equations (3) and (4)
to model fills, dams, dykes, etc., during
construction period.

#) The accelerating pattern of the machine
should be designed by equations (3) and (4)
to model fills, dams,dykes,etc.,during
construction period.

7) The feasibility has been established of
modelling deep sand foundations by centri-
fugal machine without affecting natural
soil properties. The modelling procedure
and testing equipment have been developed
which contribute to strength and settlement
investigations on s0ils of deep foundations
of any type with allowance for any expected
effects, such as pile grouping, pile dri-
ving methods, etc.
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