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MODEL TEST IN A CENTRIFUGE OF A WALL REINFORCED WITH GEOTEXTILE 

MODELLVERSUCH MIT EINER GEOTEXTILVERSTÄRKTEN WAND IN EINER ZENTRIFUGE 

MODELlSATION, EN CENTRIFUGEUSE, D'UN MUR RENFORCE PAR GEOTEXTILE 

An dry sand wall, reinforced with geotexti1es has been tested in a centrifuge. For a centrifuga1 gravity of 15 g, 
the model represents a 9 meters high prototype having 6 horizontal 1ayers of geotexti1e at 1,50 m wide interval, with, 
on the top, a uniforme over10ad of 30 kN/m2. Main1y, we have observed an overturning of the wall, that is to say a hori
zontal moving of ab out 1 % of the wall height at the top with no moving at the toe. Pursueing, up to 31 g, we reach the 
yie1ding of the sand without geotexti1e fai1ing. 

INTRODUCTION 

In spi te of a growi ng-up number of structures rei nforced 
with geotexti1es, their behaviour still remain rather 
unknown, witness multiplicity of design methods wmch often 
lead i to very different resu1ts (De1mas and a1.l. 
Therefore, duri ng the recent years, we saw in France a 
certai n number of experi menta 1 structures (Perri er et 
al., De1mas et al.l. Meanwhi1e, facing the often high 
coast of the instrumentation and monitoring of areal 
structure, the modeltest in a centrifuge constitutes an 
alternat i ve, a11 the more i nterest i ng as the structure 
may be tested unti1 ultimate limits of unacceptable defor
mati on for areal structure. The experiment set out he
reafter is registered within this framework. 

PRESENTATION OF THE CENTRIFUGE 

The i dea to use a centrifuge to create, on a model, 
equi val ent strengths to those of areal structure has 
has been expressed for the first time in FRANCE in 1869 
by Phi11ips (report at 1 'Academie des Sciences). 
The decision to build in FRANCE a large centrifuge for 
the researches in geotechnic has been taken in 1980. 
This centrifuge fäcility, the starting of which be
came in 1985, i sone of the more performant to day. The 
centrifuge has been famed by AUCTRONIC Society following 
the specifications defined by the L.C.P.C. Its principal 
characteristics are presented in table 1. 
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Effective radius 
Mass of the model and maximum 

acceleration 
Sizes of model L = 1.40 m 
Slip-rings "measure" 
Slip-rings 

5,50 m 
2000 kg at 100 9 
500 kg at 200 9 

1 = l.lOm; h 1.10m 
100 

2 high pressure 
4 low pressure 

Tab1e 1 - Characteristics of the L.C.P.C. Centrifuge 

Figure 1 shows a general view of the machin. The swinging 
carri age (nace11 e) i s careened to reduce the aerodynami c 
strength s. 19 tons counterwei ghts, mowi ng on the arm 
allow the ba1ancing of the machin. Meanwhile it may sup
port a lack of balance reaching 100 kg at 100 g, so about 
10 tons strength. An ~ynchronous engine of 410 kW turning 
at 1000 or 1500 rpm dri ve the centrifuge through eddy 
currents coupling and brake. 
The centrifuge may be monitored manualy or via a computer 
HP 9816. It reachs centrifugal acce1erations of 100 9 
in 3 mn and 200 9 in 6 mn. 
The measures on the model during rotation may be realized 
through two .ways : 

. a 100 channel interface aboard the machine, makes 
the measures and transmits the digital results to the 
computer in the control room through an IEEE 1 i nk usi ng 
two high frequency slip-rings. 

. signals coming from model transducers, possibly 
ampl ified on the centrifuge, are transmitted to the con
trol station by 100 "measure" slip - rings. 1hen, 
they can be, either recorded in an ana10gical form, or 
stored into in a digital form. 
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Figure 1 - GeneraL diagram of the centrifuge : 
1 - Swinging caPriage (naceLLe). 2 - SWing pivots. 

3 - Arm. 4 - driving box. ~ - counterweights. 6 - sup
port basepLate. 7 - verticaL axLe. 8 - concrete base 

A video camera, placed into the arm, let us observe the 
model in a ab'ove view. By another way, photographic 
shootings during rotation can be realized from the re ar 
face of the nacelle. In rooms ne ar the centrifuge, are 
pI aced the equi pments requi red for the real i zati on of 
models: 

. mixer under vacuum and hydraulic consolidation 
frame of 1500 kPa to make clay structure. 

. moving tremmie to built sandy density centrolled 
embankment. 

LAWS OF SIMILITUDE 

Tests in a centrifuge let, in their 
principle to recreate on a model at a l/N scale with 
a centrifugal gravity of N.g, the same fields of stres
ses and strai ns than i nto the prototype, so by usi ng 
the same materials. 

General conditions of similitude : 

let l/N be the scale of the model : 

1 1M 
N = 1* = ]V (1) 

The notat ion wi th an asteri sk wi 11 be used for the sca 1 e 
of the considered size. 

lP : size of the prototype 

1M : size of the model 

The use of very same materi als 1 eads to the fall avi ng 
relation between the volumic masses of the model and 
of the prototype 

M e* = ~ = , (2) 
eP 

The stresses due to the centrifugal gravity (g) fie1d 
are like : 

ü = e· 9 .1 
__ a- M 

d ' ou v* e * . g* . 1 * 
<lP 

To recreate a field of stresses into model identical 
with prototype, we must have ü * = 1, so 

e * . g* . 1* = 1 
and therefore, because of (1) and (2) : 

g* = 1 11* = 1 IN (3) 

The model at l/N scale will be submitted to an accelera
tion N.g (g : gravity). 
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The model being constituted with the same soil as the 
prototype and bei ng submitted to a fi eId of i dent i ca 1 
stresses, a similar behaviour is generally admitted. So, 
the soi 1 stress-strai n 1 aw i s the same for the model and 
for the prototype whatever it way be will be. So 

f.* = 1 (4) 

The displacements u will be at the length scale 

u* = 1* = , IN (4 bis) 

Similitude conditions of the geotextile 

Contrari 1 y to the soi 1 s, the respect of the si mi 1 itude 
conditions does not allow the use of identical products 
into the model and the prototype. 

The traction behaviour of a geotextile is usually sche
matized by a low 1ike : 

T = J.t (5) 

T tensfle force by unit width (kN/m) 
f strai n 
J stiffness in place deformation (kN/m) 

T represents a stressmultiplied by a length, therefore 

T* = 0-* 1* 

Then in the soi1 :tT* = 1, therefore T* 1* and ace or-
ding to (4) and ( 5) : 

J* = T* = 1* (6 ) 

If more, the tickness of the geotextile is in the sca1e 
of lengths, the stresses into the geotexti le wi 11 be at 
the full seale. 

Therefore, the model geotextile will have a stiffness 
in the same relation than the geometrieal seale. At the 
failure, the relation involves 

T~ • 1* = 1/N 

In a first approach, the failure tensile force Tr and the 
stiffness J being proportionnal to the mass per unit area, 
this one will have to be in a relation equal to the geome
trical scale. 

Conditions of similitude of the interaction law bet
ween SOlI and geotextlle 

The tangential stress mobilizable at the contact with 
a dry pulverulent soil is like 

er = v . tg 0g 
0g angle of friction soil - geotextile. In similitude 

'{"* = v * " tg 0; 
The fi eIds of stresses bei ng the same, we must have in 
the model and in the prototype 

tg 0~ = 1 (8) 

The geotextiles of the model, in contaet with an identi
ca I soil to the one of the prototype and in spite of a 
reduced thickness, wi 11 have to be a simil ar surface con
dition. 

On the other hand, the researches about· 'the interaction 
soil-geotextile have showed that it may be modelized by 
a lasto-plastic law : 
r,; 
er 

~ "'r 

u <. up -.. '[ = ()(. • u 

u;? up -+ r = '( p 

u : relative displacement soil-geotextile 
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The relation (4 bis) invo1ves for the displacements the 
foll owing similitude : 

u* = 1* 

Now, "[* et r:J. = "[ lu p 

Consequent1y : 

tJ.* =$ = 1/1* = N 
* uM 

up = ~ = 1* = 1/N 
upP 

(9) 

That is to say, the va1ue of UpM must be multip1ied by 
the sca1e of 1ength. We will notice meanwhile that it 
depends essentially on physica1 conditions of the con
tact soil-geotexti1e (state of surface, relative size 
and geometry of the parti cl es and of the geotextil e) 
and that, knowing the identity of the state of surfa
ce and of the mater i als defi ned before, simil itude on 
this parameter can not be respected. We will notice that 
in the pseudo-e1astic phase, the 1aws of simi1itude being 
on1y part1y verified, the model will undergo a relative 
deformati on more i mportant than the prototype in order 
to respect the identity of the stresses. A soon as ~p is 
reached, the simi 1 itude of the stresses and of the di s
placements is respected. 

DESCRIPTION OF THE MODEL 

The geometry of the rei nforced wall, whi ch was tested 
in the centrifuge, is showed on figure 2. The model with 
a height of 600 mm, has a vertica1 slope it is reinfor
ced with six 1 ayers of monwover geotexti 1e spaced, at 
100 mm and havi ng an anchori ng 1 ength of 400 mm. The 
transversal width of the model is 800 mm. 

.. 
'E 
.. 
! .; 

i 
u 

la er & 

la er 5 

Dry land 
I. er 4 

90 mm 

Figure 2 : Cross-section of the modeL, its width 
perpendicuLar to this pLane is 800 mm 

The soi1 used is a clean fine sand with a not very spread 
granu1arity (d50 = 0.18 mm, Cu = 1.6). At the putting vo-
1umic weight, that is to say rd = 15.5 kN/m3, which 
corresponds to a re1 ati ve density of about 86 %, thi s 
sand has a angle of interna1 friction ot 0' = 40° measu
red in a triaxial test wich a samp1e of dry sand. 

The geotexti1e used for this test is nonwoven, spun-bon
ded geotextil e of po 1ypropy1 ene, i ts mass per unit area 
i s 100 g/m2. The tracti on test performed accordi ng to 
the norm NF.G 38-014, are reported on figure 4 ; we have 
obtained the average va1ues : 

- a force per unit width at failure : C(F = 6.6 kN/m 
for an elongation of f:F = 21 %. 

- an initial stiffness ; Ji = 70 kN/m and for a de
formation of 3.5 %, asecant stiffness : J3.5 = 66 kN/m. 
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Force in kN I m 

Figure 3 : Graph of force-eLongation of the 
geotextiLe (according to the AFNOR norm) 

Friction tests between geotexti1e and sand have been 
rea 1 i zed from a modi fi ed shear-box, where the i nferi or 
half box is rep1aced by a rigid plane covered with glass
paper on wi ch geotextil gri ps without s 1 i pi ng. Fi gure 
4 1etsus determine the va1ues of mowing up at which the 
friction geotexti1e/sand reaches its maXlmum. For a nor
mal stress of 100 kPa, up is about 3 mm. The relation 
tg 0G/tg 0' is next to 1 (0G represents the friction angle 
geotextile/soi1 and 0' the sand interna1 friction angle 
measured in the shear box) . 

The putti ng has respected the secti on of fi gure 3. A 
tremmi e mowi ng automatically above the contai ner all ows 
an overflow of the sand in rain with a fall between 1.00 
and 1.20 m, which correspond to a constant density of the 
sand, that is to say : '6 d = 15.5 kN/m3. On each skin 
element, in alveolar cardboard af 100 m heigth, are fixed 
a 400 m wide 1ayer on the 10wer part and a 100 mm wide 
strip ensures the holding of the skin element on the 
upper part. Duri ng the maki ng of the mode 1, the free 
interval between the wall and the interior face of the 
container is gradua11y fi11ed with expanded .polystyrene 
sheets whi ch are taken away at the end of the buil di ng 
of the wall. 

An over10ad way be app1ied on the model during the cen
trifugation by a water supp1y of a decided height on 
the whol e hori zonta 1 surface of the embankment. Thi s 
water is into a tank constituted by po1yethelene sheets. 
The water pi pe i s contro 1 ed dur i ng • the centrifugat ion 
by e 1 ectro-va 1 ve ; the contro1 of the water hei gth i s 
accomp1ished by a displacement transducer and a f10at. 
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The implantation of the principal measuring equipment 
is summarized on figure 5; That is to say : 6 displacement 
transducers for the vertical slope ; 4 displacement trans
ducers for the surface settlement and 4 inclinometers 
wi th strai n-gages for the interna 1 di sp 1 acements of the 
soi 1 mass. It i 5 fitti ng to add to thi 5 1 i st two tempera
ture probes and a displacement transducer for water level 
control. 

200 

WS45 WSJ5 WS20 WSlO 

6Lmm 
O ~.-,__r~ ___ ~~,__r_T_,--._._,_-r_,--~ 

o 5 10 15 
Figure 4 : Results of the friction test between 

geotextiLe and sand : tangentiaL stress-dispLaeement 

Photo 1 : vertical slope of the modeL with 
the horizontal transdueers 

Figure 5 Transducer impLantation 

EXPERIMENTAL RESULTS 

The test has been lead until a centrifugal acceleration 
of 31 gin order to cause the fail ure of the rei nforced 
soil mass by a breaking in traction of the textile layers. 
At the level 15 g, the soil mass has been loaded by fil-
1 i ng up the tank descri bed before wi th four ti mes O. 05m 
of water, that is to say a load of 7.5 kPa to 30 kPa. 
This load has been maintained from 15 9 to 31 g. 
An acquisition of the displacement measures (slope, sur
face) and of the i ncl i nometer measures has been real i zed 
with the assi stance of the measure system at the foll 0-
wing values of the centrifugal acceleration 

- reference at 1 9 
- 2 g, 5 g, 10 g, 12 g, 13 g, 14 g, 15 9 
- at every 9 from 16 9 to 31 g. 

We present hereafter the principal results in form of 
the successive deformations of the vertical slope and 
of the surface of the reinforced soil-mass. 

Evolution according to the height of the soil mass 

The increase of the centrifugal acceleration from 1 9 
to 15 9 simulates a height of the soil mass ranging bet
ween 0.60 m and 9 m, the space between the 1 ayers rangi ng 
from 0.10 m to 1.50 m. 

· For a 9 m high prorotype, the displacement of the 
second layer would be next to 0.04 m and 0.075 m for the 
fi fth 1 ayer. 

· For the same prototype, the surface "settlement" 
ranges from 0.065 m at a di stance of 1.50 m from the 
crest of the wall, to virtually 0 at the rear face of the 
soil mass. 

· A difference of behaviour of the three upper layers 
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appears at 10 g, that is to say for heights of prototy
pe higher than 6 m. 

The figure show, according to the similitude, the fol
lowing mechanisms : 

- on overturni ng of the wa 11 (rotat ion round its 
externa 1 lover 1 i ne) on ly for hei ghts of the prototype 
below 3 m. 

- on overturning jontea with a horizontal transla
tion of the wall for the heights below 9 m. 

- a rotation of every unit element of vertical slope 

Loadi og 00 the surface of the soilmass 

The overload of 30 kPa, on the embankment, has caused 
a displacement of the slope of 0.025 m for the three 
upper 1 ayers and 0.015 m for the three lower 1 ayers, 
increasing the difference of behaviour said before. 

The distortionsof the massif surface show a general set
tlement from 0.02 m (WS 10 and WS 20) unti 1 a di stance 
of 3 m from the crest of the wall to a settlement nearO 
at 5.25 m from the crest (WS 35). 

15 g (H=9m,e=1.5m) 

--
I 
I 
I 
I 
I 

(H =6m,e:lml 

I 
I 
I 
\ 
\ 
\ 
\ 
\ e , ,,, 

\ 11 

\=
\ 
I 
I 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

59 (H = 3m, e = O.5ml 

Figupe 6 : SettLements and horizontaL dispLacements 
of the prototype during the increase from 1 g to 15 g 

(at 15 g the prototype is 9 m high, the sheets have 
a resistance of 99 kN/m and a stiffness of 

1050 kN/m, they have 1.50 m spacesJ 

The load seems to have caused an uniform movement on 
one or several slip surfaces with a different behaviour 
of the upper half part of the massif. 

Test at fail ure 

The lest has been carried on until a centrifugal gravity 
of 31 9 in order to cause the breaking in traction of 
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the geotextiles. This one could not be observed. The 
di sp 1 acements of the verti ca 1 s 1 ope i ncreased so far 
as to reach 0.50 m on the top and 0.32 m at half height 
of the prototype which is 18.60 high, 12.40 m wide and 
overloaded of 62 kPa. It was the same for the surface 
of the soil, its settlement has reached 0.47 m (WS 10) 
at 3.10 m from the crest. 

The analysis of the deformations of the vertical slope 
and of the massif surface shows the carryi ng on of the 
mechanisms observed before. 

During the dissassembling of the model, the measure of 
average deformations of the reinforcing sheets shows a 
more i mportant strai n of 1 ayer 4 and the no work of 
layer 1. 

layer I 
Caverage(%) I 0 

I 

i 2 I 
I I 

i 2 I 
j i 

3 

1,5 

5 I 
I 

2,2 i 
6 

2,5 

During these tests, only the inclinometers I 5 et I 15 
have been deformed and more especially I 5. They confirm, 
moreaver, the special behaviour of the half upper part 
of the massif (vertical wall displacements more impor
tant) 

31g (H= 18.6m , • = 3.1 m) 

Figupe ? : SettLement and horizontaL dispLacements 
of the prototype at 15 g and at 31 g 

THEORIC CALCULATION 

A theori ca 1 approach of the model behavi our has been 
realized by means of the L.C.P.C. programme Cartage. 
The calculation is made by the method in displacement 
(Delmas et a1., 1985) which estimates the displacement, 
alon(l the sliding surface required for the mobilization 
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of the efforts in the geotextiles allowing to ensure 
the safety factor wanted for the sheari ng resi stance 
of soil. 

The ca 1 cul at ion has been 1 ead on the centrifuga 1 model 
(fi gure 8) for a hori zonta 1 acce 1 erat ion of 15 g, on 
the suppositions with and without overload of 20 cm of 
water, also for the ultimate acceleration of 31 g. 

The safety factor on the sheari ng resi stance of soi 1 
has been chosen respectively of FS = 1.5 and FS = 1, 
for the acceleration 15 9 and 31 g, do as to take, at 
lest, in consideration the mobilization level of the 
shear stress which depends directly on the measured dis
placements in th model. 

r=16kN/ml 

!i C'= 0 kP. 

E 4 _'= 40' 
u 

CI 
ID 3 

tl_I 
2 "'iI1 =1 

Figupe 8 : CaLcuLation hypothesis 

By another way the calculations have been realized, 
ei ther in respecti ng the si mi 1 itude 1 aw on up, or in 
supposing that up remains unchanged whatever the accele
ration may be (cf. similitude laws). 

The general achieved results are presented in table 11. 

The comparison between experimental results and theori
cal results seems to confirme that the value of up de
pends on the geometry and on the respecti ve dimension 
of sand grains and of textile fibers. Accordingly, provi
ded that the materials of the model and of the prototype 
have the same surface state, up would be maintained un
changed, whatever the acceleration may be. The theorical 
ca 1 cul ati on shows that the modelproduces , in the pre
sent case, an overv~uation of about 3 times on the dis
placements of the prototype. 

Also, we will notice that the theorical modelization 
of the model gives us satisfying results for displace
ments as for stresses in the geotextiles, espicially 
for the acceleration of 15 g, which seems to confirm 
the interest of the method of calculation in displace
ment. 

CONCLUSION 

The modeltest, in a centrifuge, represents one of the 
aspects of the researchs undertaken by the Laboratoi res 
des Ponts et Chaussees within the reinforcement with 
geotextile. Parallely, the other ways of research are: 
experiments in full scale, numerical models, laboratory 
tests on rheo 1 ogy of fabri cs and i nteract ions between 
soil and geotextile. 

Thi s experiment of model test in a centrifuge of the 
behaviour of a structure, at 15 g, 9 m high, reinforced 
by six layers of geotextile with a stiffness of J = 
1050 kN/m and wi th a force at fail ure of 99 kN/m, with 
a load of 30 kPa in the surface, is.1he first of a programme 
more generalabout the rei nforcement with geotext i 1 e. 
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I Vertical displacement 
Imeasured on the surface* 

! acceleration 
15 9 without 

olJerload 

2.47 10-3 m 

acceleration r acceleration I 
15 9 + 20 cm of I 31 9 + 20 cm of 

water i water I 

3.66 10-3 m I 7.52 10-3 m I 
: I 

I Vertical d1splacement 11 

calculated : 
I a) up at the 1 ength sca 
I le (0.2 10-3 m at 
I 15 9 and 0.1 10-3 m I 

I 
0.2 10-3 m I 0.2 10-3 m 0.1 10-3 m 

1.41O-3 m I at 31 9 
0.83 10-3 m i 1.05 10-3 m 

: b) unrespected simil1- 3 10-3 m 
tude on up I (up = 3 10-3 m) I 2.63 10-3 m 

I Safety fact or on the I I shear stress of soi 1 ! 
Tensile force 6 I 
for up = 3 10-3 m 5 I 

I 
for the layer n" 4 I 

3 I 
2 I 

1,5 

1.4 kN/m 
1. 9 kN/m 
2.3 kN/m 
2.6 kN/m 
3.3 kN/m 

: 3 10-3 m 

I 3.06 10-3 m 

1,5 

2.3 kN/m 
. 2.7 kN/m 

3.1 kN/m 
3.5 kN/m 
4.2 kN/m 

3 10-3 m 

I 3.81 10-3 m 

I 
1,0 

4.2 kN/m 
4.9 kN/m 
5 .6 kN/m 
6.2 kN/m 
7.0 kN/m 

Table 11 - Cornparison between experhlental resu1ts and calculations 

* the displacement measured is he re the difference between the values 
WS 20 and WS 30, which corresponds to the settlement on the model, on 
both side of the slip line. 

It let us find the general mechanisms of behaviour of 
rei nforced structures and preci se the 1 aws of simi 1 itude 
of the geotextiles and particuliarly of contact and con
fi rm the i nterest of the des i gn of structures accordi ng 
to the method of calculation in displacement. 

By another way, the behaviour of the model under an acce
leration of 31 9 (height of the prototype is 18.60 m, 
si x 1 ayers with a 3.10 m space havi ng a st iffness of 
2170 kN/m and a force at failure of 205 kN/m) has showed 
up it was already showed for reinforced embankments on 
soft soil , that the fail ure of the structure (i nadmi ssi
ble deformation in soil) does not lead necessary to 
geotextile failure. 
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