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Centrifuge modeling of a rapidly installed mechanically stabilized earth system using 

geotextile strips

Moctelisation par centrifugation par la mise en place rapide d’un systeme de terre stabilise 

mecaniquement en utilisant des bandes geotextiles

Mahadzer B. Mahmud -  F a culty o f C ivil E ngine e ring, U nive rsiti T e knologi M a la ysia , Johor, M a la ysia  

Thomas F. Zimmie -  D e pa rtm e nt o f C ivil a n d  E nvironm e nta l E ngine e ring, R e nsse la e r P olyte chnic Institute , Troy, N.Y., U SA

ABSTRACT: A geotechnical centrifuge was utilized to model a mechanically stabilized earth system in marginally 

stable slopes using high strength non-woven geotextile strips. The reinforcing strips perform the dual functions of 

reinforcement and drainage. The new installation technique allows the reinforcing elements to be installed directly 

into existing slopes, thus requiring little or no excavation. This results in a rapid and economical solution for insitu 

slope stabilization.

RESUME: On s’est servi d’un centrifugeur g^otechnique pour moddliser un syst&me de terre stabilise 

mecaniquement sur des pentes k peine stables en utilisant des bandes gdotextiles non-tissees et tr&s resistantes. Ces 

bandes renforc^es remplissent une double fonction; celle de reforcer et celle de drainer. Cette nouvelle technique de 

mise en place perment d’installer directement sur les pentes existantes les dldments de renforcement ne necessitant 

de ce fait que tres peu ou aucur.c excavation. Cette technique offre une solution rapide et economique k la 

stabilisation sur place des pentes.

1 INTRODUCTION

Ever since the introduction of Reinforced Earth by Henri 

Vidal in the 1960s, there have been a tremendous 

amount o f studies and research done on the use of 

alternative reinforcing elements for embankment and 

slope stabilization. Geosynthetics such as geogrids and 

geotextiles have proven to be very competitive, due to 

their performance and cost effectiveness (Koemer 1994). 

For example, the use of geosynthetics as reinforcing 

elements in reinforced walls up to about 6m high can 

result in savings of about 30% as compared to the use of 

metallic strips (Christopher and Holtz 1985). The 

research work presented herein may provide an 

additional m ethodology for using geosynthetic  

reinforcing to stabilize existing soft soil slopes. Wide 

strips of high strength non-woven geotextiles will be 

inserted laterally and directly into the existing  

marginally stable slopes to serve both as reinforcement 

and as an internal drainage medium. The high 

survivability of these types of geotextiles allows them to 

be driven into existing slopes in a similar manner to 

driving wick drains into the ground. The high strength 

non-woven geotextiles with a wide width tensile strength 

of between 50-200 kN/m and an inplane permeability on 

the order of 2 cm/sec, performs well both as an internal 

drainage medium as well as performing the conventional 

role of reinforcement (Perrier et. al (1986)).

Conventional methods o f slope reinforcement 

require excessive removal of original soil, which will 

then be replaced by selected granular backfill compacted 

in layers after the placement o f each layer of 

reinforcement. Current methods o f insitu slope 

stabilization are confined to soil nailing and grouting. 

Koemer (1994) developed the “anchored spider netting” 

where the surfaced-deployed geotextile sheet was nailed 

and anchored into the slope using 1.3 cm diameter steel

rods, similar to soil nailing. All o f the above methods 

are more expensive and time consuming as compared to 

the proposed method.

2 CENTRIFUGE MODELING

Geotechnical centrifuge model tests were utilized to 

study the feasibility of the proposed method. Properly 

scaled model geotextile strips were inserted horizontally, 

directly into the existing slopes at corresponding 

prototype stresses. To properly simulate full scale 

installation of the strips into the slopes, the reinforcing 

strips must be driven while spinning the centrifuge at the 

desired g-level. A remotely controlled miniature mandrel 

driver was used, and the driving forces were monitored 

using compression load cells.

Centrifuge model experiments related to slope 

stability and seepage in slopes have been performed by 

many researchers. Schofield (1978), Kim and Ko (1982) 

and Gorrill and Mitchell (1988) have reported on the 

results of centrifuge experiments to study the failure of 

slopes under various loading conditions. Malone et al 

(1988) have performed experiments studying seepage 

through slopes and Kenney et. al (1977) and Resnick 

and Znidarcic (1990) have studied the effect of installing 

horizontal drains in slopes to minimize seepage and 

improve slope stability. Jaber et. al (1990) studied the 

behavior of mechanically stabilized soil walls using 

different types of reinforcement. The results from the 

centrifuge models were compared with the behavior of 

the full scale prototype walls.

2.1 Modeling Requirements

The modeling requirements will be divided into two 

categories; the physical considerations and the 

centrifuge scaling considerations. The selection of the
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operational g-level and model parameters is governed by 

these requirements.

Physical considerations: Limit equilibrium  

analysis was used to determine the factor o f safety 

(FOS) at various g-levels for six different undrained 

shear strengths of soil. A typical relationship between 

FOS and g-level for different strengths of soil is shown 

in Figure 1 for a 63° slope. Similar plots can be 

developed for different slope angles and these plots can 

be utilized to determine the optimal slope angle (Zimmie 

and Mahmud (1996a)). A slope o f about 63° (IH:2V) 

was deemed appropriate for the size of model container 

used. For a range of undrained shear strength of 4.8 - 

16.8 kPa, the condition o f a marginally stable slope 

(factor o f safety of 1) can be achieved at g-levels 

between 10 and 40 g ’s, as shown in Figure 1.

Limit Equilibrium Analysis -  6 3 °  slope

N (G - le v e l)

Figure 1. The FOS vs g-levels for various undrained 

strengths, for a 63° slope.

Centrifuge scaling considerations: In order to model 

prototype slopes correctly, two similarity requirements 

have to be satisfied; the axial stiffness and the surface 

interaction between the soil and the reinforcement (Jaber 

et. al (1990)). The axial stiffness of the geotextile strip is 

the product of the Young’s modulus (E) and the cross 

sectional area (A) of the strip and is N2 times smaller in 

the model (N being the g-level). The surface friction 

(b.tan5 where b and 6 are the width and interface 

friction angle respectively) scales as N provided that the 

same material is used in the model and prototype.

It is difficult to model geotextile reinforcing elements 

correctly even using the thinnest available geotextile. 

These difficulties are addressed by Jaber et. al (1990). 

Quite often new or specific materials have to be 

designed to be utilized in the model to correctly 

represent the prototype elements. For example, Ovesen 

and Krarup (1983) used medical gauze treated with 

chlorine to ach ieve the required stress-strain  

characteristics of their model reinforcement. In the work 

presented herein, the prototype reinforcement being 

modeled are high strength composite geotextiles with 

tensile strengths in the range of 50-200 kN/m. Thus, it is 

possible to utilize readily available geotextiles to obtain 

the required tensile strength o f the model elements. 

Direct scaling o f the prototype thickness o f the 

reinforcing element is not very critical as long as the 

condition for axial stiffness (EA) is being satisfied. 

Obviously the thickness has to be in a practical and 

reasonable range.

N (G -L e ve l)

Figure 2. Properties of prototype strips at various g- 

levels.

Figure 2 shows the properties of wide width strength 

and width of the prototype reinforcement being modeled 

with respect to the level of acceleration in the centrifuge.

Non-woven geotextile strips with a width of 0.635 

cm and a length of between 15-20 cm were used to 

simulate the high strength composite geotextile strips. 

Table 1 summarizes the properties o f the model 

reinforcing elements, the simulated prototype elements 

for a 15-45 g range, and the actual available prototype 

elements. It can be seen that all o f the important 

properties o f available prototype material can be 

modeled quite closely in the 15-45 g range with the 

exception of thickness. However, as already noted, the 

scaling o f  thickness is not very critical in this 

application.

Table 1. Properties of reinforcement

Prope r t ie s Mo d e l

S im u la t e d

P roto type

(15 - 45g)

Ava ila b le

P roto type

Non-

wove n

H ig h  s tr e ngth 

nonw ove n

H ig h  s trength 

nonwove n

T hic kne s s  a t  2 

kP a  (mm ) 0 .4 5 0 6 .7 5  - 20 .25 1 .7 - 2 .4

W id t h  (cm ) 0 .6 35 9 .5 2 - 2 8 .6 1 0 - 3 0

Ax ia l s t iffne s s  

(E A )k N 0 .2 48 55 .8  - 5 0 2 .2 4 2  - 500

Wid e  w id th  

te ns ile  s tr e ngth 

(kN /m )

5 75  - 225 50- 200

In p la n e

pe rme a b ilit y

(cm / s )

5 x 1 0 2 *0 .7 5  - 2 .2 5 2.5

* in t e r p r e t a t io n  ba s e d o n  s e e page  ve lo c ity  in c r e a s in g  as  N , thus 

pe rm e a b ilit y  s cale s  as  N  (Go o d in g s  (1 9 8 4 )).

2.2 Experimental setup

A strong aluminum box with inside dimensions 610 mm 

x 914 mm x 356 mm was used for the tests. The 

experimental setup is shown in Figure 3. Actuator (A) 

moves horizontally, inserting geotextile strips housed 

inside the mandrels into the soil. This operation occurs 

while the centrifuge is in motion and the model is at the 

specified high acceleration level in order to simulate 

prototype soil stresses in the slope. The movement of the 

actuator is controlled remotely from the centrifuge
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control room by means o f hydraulic servo-valve  

systems. The mandrels are then withdrawn from the 

slope leaving the geotextile strips in place, similar to a 

wick drain installation. Actuator (B) can be used to 

apply a gradually increasing surcharge loading on the 

slope after the strip installation process is complete. A 

load cell is used to continuously monitor the load.

The models utilized kaolin clay, prepared slightly 

below full saturation and compacted in place in the 

model in several layers. The model was spun to the safe 

or marginal g-level (g-level corresponding to a FOS of 

one) prior to the insertion of the geotextile reinforcing 

strips. Plane strain conditions were simulated by 

minimizing side wall friction, through the use of Teflon 

strips which slid on Teflon sheets glued to the side walls 

of the model container.

P re s s u re

R e tu r

9 1 4 .4

(A ll d im e n s io n s  in m m )

Figure 3. Experimental setup

3 INSTRUMENTATION

Washer type compression load cells were attached to 

one end of the actuator rod. The load cells are capable of 

measuring a force up to 900 kg. The load cell attached to 

actuator (A) was used to monitor the mandrels driving 

force, and the load cell on actuator (B) monitored the 

slope crest loading.

The deformation of the slope face, toe and crest were 

monitored during the experiments by means of LVDT's 

(Linear Variable Differential Transformers) whose 

positions are shown in Figure 3. Vertical displacements 

of the grid points located on the slope surface were 

measured immediately after each test. The data from the 

LVDT's and the additional measurements after each test 

were used to plot the profile o f the failed slope.

Each geotextile reinforcing strip was instrumented 

with a set of two strain gages. Strain gage types EP-08- 

500GB-120, manufactured by the Micro Measurement 

Group were used. Additional details concerning the 

instrumentation and calibration of the instruments can be 

found in Zimmie and Mahmud (1996b).

4 RESULTS

The displacements o f the slope surface, crest and toe 

provided by the LVDTs, and additional measurements 

after each test were used to plot the failure profile for 

each slope. The results from some typical tests are 

shown in Figure 4. The failure profile for an 

unreinforced slope indicated a classical circular arc 

failure, and a tension crack was visually observed about 

10 cm beyond the top edge of the slope. The clay in this 

slope had an undrained shear strength (Su) of 5.72 kPa, 

and failed at about 12g. The maximum g-level for a 

marginal factor of safety (FOS <= 1) for this slope was 

about 12-g for the 63° slope.

In another test where the geotextile strips were 

installed in flight, three strips were installed at 15-g into 

a clay slope with an undrained shear strength of 14.4 

kPa. The centrifuge was spun up to 5-g and remained at 

that g-level for 5 minutes. The g-level was increased 

gradually in increments of 5-g. The model was spun up 

to 15-g prior to the insertion of the reinforcing strips. 

Three mandrels driven by a remotely controlled actuator 

were used to insert the strips simultaneously into the

slope. The test was run to 30-g. At this g-level the slope 

showed some deformation, determined by LVDT’s 

measurements of the crest of the slope, and by visual 

observation of the generation of tension cracks, using the 

closed circuit TV in the centrifuge control room. The 

slope profile plotted from the measurements of the 

displacement o f the surface of the slope did not indicate 

any substantial deformation at the marginal g-level (30- 

g, FOS =1 for unreinforced slope, Fig. 1), as can be seen 

in Figure 4. The use of only three strips at a single level 

has greatly increased the stability of the slope.

While driving the mandrels into the slope, driving 

forces were monitored using a compression load cell. A 

typical plot o f driving force required to drive three 

mandrels into the model slope and the displacement of 

the top surface o f the crest is shown in Figure 5. A 

driving force of about 85 kgf was required to drive the 

three mandrels (6.35 mm wide x 3.18 mm thick) in the 

15.24 cm (6 in) high model slope at 15-g, simulating an

Figure 4. The slope profile for various tests 
(vertical dimensions in inches)
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Figure 5. Typical plot o f  driving force and 

displacement of the top of the slope versus time 
(negative values indicate compressive driving force and 
downward displacement, respectively)

installation into a 2.3 meter high full prototype slope. 

The displacement o f  the top surface of the slope 

indicates a minor heave of the top surface during 

insertion o f the mandrel and settlement immediately 

upon retrieval o f the mandrel (the - 0.5 cm displacement 

at 1020 seconds is the cumulative settlement since the 

start of the test).

This indicates that the driving mechanism used in 

this study is appropriate and causes only minor 

disturbance to the slope during installation. This 

observation is critical in designing actual driving 

mechanisms.

Excessive disturbance to the slope during the 

installation stage, especially in slopes of soft material 

with marginal factors of safety, could cause failure prior 

to the completion of the installation operation.

5 CONCLUSION

The results from these model tests provide useful 

information for the design of the spacing and placement 

o f the reinforcing strips, and the design of actual 

prototype driving equipment. The tests performed herein 

show the feasibility of the proposed method of insitu 

slope reinforcement. The driving mechanism employed 

in the study was very practical, and a similar concept 

may be adopted in the actual design of the prototype 

drivers. The results can also be used to verify the 

practicality and the econom y o f this proposed 

mechanically stabilized earth system.
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