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Speciality Session 5

General Report

F. SCHLOSSER, Professor of Scil Mechanics, Ecole Nationale des Ponts et Chaussées, Paris, France

H.M. JACOBSEN, Dr., Department of Civil Engineering, University of Aaibor_g. Denmark
I. JURAN, Dr., Deputy Director, Soil Mechanics Research Center, Ecole Nationale des Ponts et Chaussées,

Paris, France

I - INTRCDUCTION

Scil Reinforcement is a special and recent fisld of soil
improvement. It covers a range of techniques which consist
of placing resisting inclusions in the soil.

Among the different conferences devoted partly or totally
to soil improvement, those related to this special field
have been the following :

- International Svmposium on Soft Clays, Bangkok (1977

- Symposium on Earth Reinforcement, Pittsburgh (1978)

- International Conference on Soil Reinforcement, Paris
(1979)

- Bth European Conference on Soil Mechanics and Foundation
Engineering, Brighton (1379}

- International Eurcpean Conference on SMFI, Stockholm
(1981)

- Second Internaticnal Conference on Geotextiles, Las Vegas
(1982)

- International Symposium on Soil and Rock Improvement,
Bangkok (1982)

Soil reinforcement was pioneered by Henri Vidal who
invented and developed in the early sixties the tech-
nique of Reinforced Earth. Soil reinforcement is,
however, now accepted as a more general concept which
includes such techniques as micro-piles, stone columns,
in-situ stabilised columns, soil nailing, Texsol,
membranes, etc...

Depending on the type of the inclusion two extreme cases
can be considered :

1) a "uniform inclusion” where the soil-reinforcement in-
teraction can develop in any point along the inclusion ;
2) a "composite inclusion®™ which consists of an inclusion
reinforced in some particular points where the soil-rein-
forcement interaction is concentrated. Generally as in the
case of anchorages these points are located at the extre-
mities of the inclusions.

In the case of a "uniform inclusion” a relatively high and
uniform density of the reinforcementswill result in a new
composite material called the "Reinforced Soil". The beha-
viour of the "reinforced soil" mass can be investigated

considering a representative sample of the new composite

material, This concept is illustrated in Fig. 1. The rein-
forced earth mass is a composite material and its apparent

mechan-cal properties can be determined from laboratory

tests oo representative samples. On the centrary, the "lad-
der wall" invented by Coyne, is a multi-anchorages system
whers the soil-reinforcement interaction is concentrated

in the sxtremeties of the ties.

These cconsiderations lead to the classification of soil-

e

reinforcement systems presented in table I.

uniform coaposite
aslti-
multiple reinforced anchorages
so1l systems
isolated membranes anchorages
piles
« s i
I Composite
- i T
7 T Uniform inclusion
t————t4——ad——— inclusion rrrr————
N ' i
LS| = ———_'"4ﬁ/nchor
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Ladder waoll
2)-MULT] ANCHORAGE SYSTEM

Reinforced earth yoli
1}- REINFORCED SOIL

a)- MULTIPLE REINFORCEMENT

Granuiar

__ Geotexile

1)- MEMBRANE 2)-PILE
bl- ISOLATED REINFORCEMET
Fig:l-TYPES OF SOIL REINFORCEMENT SYSTEMS
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multi |isolated
classification REINFORCED SOILS anchorajuniform
ges inclusiorn
anigques
o 8 " Reinfor-| Soil Micro- | Multimembranes | Special| Ladder | Isolated
SLeERlms stine ced Nailing|piles |or Systems| Wall membrare
appliza- columnsloarth Multigrids or grid
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SLOPE =
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1 paper

2 papers deal with soil-reinforcement interaction
deal with general applications of gectextiles

TABLE 2 - CLASSIFICATION OF PAPERS SUBMITTFD TO THIS SESSION

Thirty five papers submitted to this conference are related
to the Scil Reinforcement. They cover most of the soil-
reinforcement systems Ziscussed above and can be classified
considering the different techniques and applications as
indicated in table2l.

The present report summarizes the new aspects of the state
of the art and reviews zhe papers submitted to this confe-
rence. It describes briefly the different techniques and
develops more particularly the following points

- Soil reinforcement interaction
- Behaviour and design methods
- Case histories and ccntrol

The behaviour and desizn methods are discussed considering
the different types cf applications : retaining walls, slo=-
pe stabilization, shallow foundations with reinforcements,
in-situ reinforced scil foundations. The section dealing
with shallow foundaticrs with reinforcements has been pre-
pared by the co-reporter Dr. H.M. JACOBSEN.

2 - DESCRIPTION OF THE TECHNIQUES AND SOIL-REINFORCEMENT
INTERACTION

2.1 Pescription of the techniques and major efforts

The inclusions used for soil-reinforcement are resisting
elements which are generally either linear or plane. Depen-
ding on their relative rigidity with respect to the soil,
their behaviour is rather similar to that of a beam or an
armour-plate where they are relatively rigid and to that

of a threat or a membrane when they are relatively flexible.

Consequently, the major efforts mobilized in the inclusions
can be of four types : tension, compression, bending and
shearing.

Table 3 shows these major efforts considering the different
scil reinforcement systems. In fact the mobilization of
these efforts depends on a large variety of parameters in-
cluding the relative rigidity of the inclusicns, their
orientation, their density, the structure geometry, the
construction process, the mechanical properties of the in-
clusions and the soil, etc...

As shown in table 3, mecst of the available techniques can
be classified as reinforced soil systems. Accordingly these
types of systems will be more particularly described consi-
dering the different fields of applicaticn.

In order to improve scil foundations the soil-reinforce-
ment techniques commonly used are

- Stone columns.This technique is used in soft grounds and
the reinforcing inclusion is a vertical column of highly com-
pacted sand, gravel or agregates. Generally, the installa-
tion of the column comprises two main stages:lla casing Di-
pe or a vibrating device is driven into the garounddown tothe
designed level driving away the surrounding soil;2)the sys-
tem is then drawn up progressively and the cavity is being
filled with granular material highly compacted statically
or by vibrations. The major role of the column is to in-
crease the resistance and the modulus of the foundation
soil, moreover it alsoc constitutes a vertical drain. This
inclusion is relatively flexible and can therefore withs-
tand essentially compression. However when the stone co-
lumn is used to improve the stability of a foundaticn soil
with respect to a gereral sliding it also increases signi-
ficantly the shearing resistance of the reinforced soil.

- In-situ stabilized columns. The efficient use of stone
columns has led to the development of a similar approach
which consists of creating in-situ stabilized columns. Dif-
ferent techniques have been developed including in-situ
lime stabilization (Broms 1975), in-situ stabilization

by jet grouting (Yahirec and Yoshida, 1978) ; compaction
grouting piles (Baker, 1981). Compared with stone co-

lumns these inclusions are generally more rigid and can
withstand both compression, bending and shearing.

- Micro piles. This technigue consists of installing in

the soil small reinforcing grouted piles. Zach pile is made
of a bar or a tube of a few centimeters diameter surrounded
by a grout all along its length. The total diameter is of
about 10 to 15 cm. This technique has been already used for
about thirty years mainly in foundation soils but it has
alsoc interesting applications in slope stabilization,in-
situ retaining structures and underpinning. This inclusion
is rather rigid, however the mobilized efforts depend es-
sentially on the structural effect of the group of piles
and the major efforts are generally tension and compression.

Considering retaining structures, the soil reinforcement
techniques commonly used are :

- Reinforced Earth. This technique consists of associating
a granular frictional backfill material with flexible, li-
near, reinforcing strips of a high tensile resistance. The
outside facing of the structure is relatively thin and fle-
xible and is usually made of concrete panels. To limit the
deformation of the structure, relatively inextensible rein-
forcement have to be used. Consequently, the inclusions are
generally made of steel galvanized to insure its protection
against corrosion.

- Multi membranes and grids. The rapid development of Rein-
forced Earth has more recently led to use different types
of inclusions in soil-reinforcement systems, including mem-—
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tranes and geotextiles. The geotextile membranes zan withs- Schlosser 2-3 Guilloux, [331 i etC...). These studies have
tand only tensile forces. The major differance het yaen shown that cempacted cranular soils the scil-reinforce-
steel or Strong plastic andg Jeotextile is their Zeformation ment friczce depends on = large variety of parameters

racteristics which influence significantly the lateral fsurface the inclusion ; density and me-

deZformations of the Structure. Although some attempts have chanical pr soil ; normal stress on the

teen done to use geotextiles in retaining structures with inclusion, =zc...) and sarticularly on the dilatancy beha-

vertical facings they are usually used to reinfaorce embank- viour of t soil.

zent slepes and soil foundations. Considering qriZs they .

2r2 generally made of metal or strong plastics and -an Fig. 2 =Zrates the nechanism of soil-inclusion ina dila-

trerefore be e2fficiently used to restrain the lateral defor- tant soll.As Zemonstratad 2xperimentally by Bacot(1981),

pations of the structure. USing a phctimetric techn 1€ on a two—dimensicnal model,the
pull-out =7 an inclusion :aduces shear displacements in a

= Serl Nailmg. It is an in-sity soll-reinforcemens techni- zone of the sirrzunding scil.The volume of this zcne depends

que by passive bars which are either oplaced in borsholes Significancly con the state =f the surface of the inclusion.

an€ grouted or simply driven into the ground. When zhe te- in a compactsd granular scil around 2 reinforcing strip the

chnigue is used in retaining structures the bars zre Jene- sheared zone <ends to dilzte but this volume change is

rally horizontal and the major effort is tension. Cn the ceing restra:ned by the surrouding seoil. This restraining

contrary, when this technigue is used for slope staniliza- effect resul+ts in an incraase of the rormal stresses on the

ticn the bars are generally vertical and the major zfforts strip.

are zending and shearing.

Vertical strass.

xscl. This new tachnigue invented ov Leflaive l3B2icon-
Sists of reinforcing a granular packfill material =v a cop-
tinucus fiber res1sting to tension.

°ng the techniques which have not be classified :n s0il-

«nforcement Systems it is interesting to describe th

2déer wall system which has been invented in 192¢ by Coyne,
It is a multi-tieqd back system associated with a thip fa~
cing which can be made either of concrete panels or of ga
continuous wall. The ties withstand tensile forces which
are constant along the ties, The soil-reinforcement inter-
action is being essentially realized by the passive lateral Fig:2- MECHANISM oOF SOIL - INCLUSION INTERACTION
earth thrust on the anchors. More recently different simi- IN DILATANT SOIL
lar multi anchorages systems have been developed (archored-
earth - Murray 1981} .

Volume of il expanding under shearing

This effect == restrained dilatancy on the increase of the
nermal stresses on the inc ion has been demonstrated ex-
perimentaliy =v Wernick (1378) . He has carried out pull -
Out tests on cvliindrical sreel Pipes (2.5 p leng and S to
10 cm diameter) instrumented with cells to measure the
shear stresses 7 and the nermal stresses g, The pipes were
placed in a larze round tess bin filled with compacted

sand (yd = 17.14 KN m3). Fig. 3a shows 3 typical stress path
during a puil =_.t test (loadingand unloading) . Starting from
Ko conditions the state of sStresses attains rapidly a limit
equilibrium and the normal stress increases progressively
Up to a value which is about 8 times the initial value. At
failure, due to a strain scftening there is a decrease of
the mobilized shear stress. The unloading stress path shows
that there is mo residual dilatancy and consequently the

2.2 Scil-reinforcement interaction
————=-Ziorcement interaction

The mcbilization of the efforts in the inclusions of the
different soll-reinforcement systems described above invol-
ve essentially four types of interaction mechanisms : I -
lateral friction aleng the inclusion i II - lateral earth
pressure on the inclusion i IIT - passive earth thrust on
cross elements of composite inclusions i IV - passive earth
confining pressure on stone columns.

2.2.1 Lateral friction
—===4. friction
The mobilization of lateral friction along piles and rein-

forcing inclusions has already been extensively studied and
Summarized by several authors (Baguelin et al, 1975 :
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final state of stresses corresponds to the initial one.In
order to investigate this dilatancy effect Guilloux and
Schlosser {(1979) have carried out constant volume direct
shear tests on compacted sand (yd = 17.3 KN/m3). As illus-
trated in Fig. 3b the stress path followed in this test

1s quite similar to the one represented in Fig. 3a.

T (kPa)

rt(hPol

Sand

L G
0 20 40 60 80 (kPa) O ) 500 ' IOOO(l:P;;
a) - Pull out test of g bar b) - Constant volume direct

shear test.
(Guilloux and Schiosser ,1979)

Fig:3 - EFFECT OF RESTRAINED DILATANCY IN
COMPACTED GRANUL AR SOIL .

(Wernick,1978)

It is interesting to note that the censtant volume direct
shear test represents the extreme case of a restrained di-
latancy whereas in the pull-out test a limited 2xpansion
is possible. Consequently, the limit state of stresses in
the constant volume direct shear test corresponds to the
critical state value of $cv angle whereas the limit state
in the pull-out test isg characterized by the value of ¢

at seak. It is also interesting to note that the increase
of the normal stress in this test is larger than in the
pull-out test (0 = 14 go).

The paper of Xoirumaki {Helsinki Conference) analvses

the effect of dilatancy on the friction angle between

sand at different densities and aluminium plates.

The author has carried out series of direct shear tests at
4 constant normal stress. Using the energy equation he has
shown that the part of the friction angle due to dilatancy
is decreasing with an increase of the normal stress.
However, direct shear tests at a constant normal stress

do not represent the complex phencmenon of a restrained
dilatancy which occurs arcund the reinforcing strips in
actual structures.

In fact as demcnstrated by both laboratory model tests and
full scale experiments the restrained dilatancy effect de-
Creases with the normal stress. This has led to consider
for design purposes an apparent friction coefficient p*
which is defined as the ratio of the maximum shear stress
along the inclusion to the initial normal stress O,

u* = Tmax/Oo (Schlosser and Guilloux, 1979). This apparent
friction coefficient is highly dependent on the dilatancy
behaviour of the soil. It can attain values which are much
larger than the internal friction angle of the soil and is
decreasing with the increase of the normal stress.

Gigan and Cartier (Helsinki Conference) have carried out
pull-out tests on driven metal profiles used as reinforce-
ments in a nailed soil retaining wall. They have demons-
trated that the values of the apparent friction coefficient

determined from these tasts agree fa:rly well with those
suggested by Schlosser and Guilloux for the design of
Reinforced Earth walls. However it should be noticed that
in soil nailing the initial normal Stress on the inclusion
is difficult to determine because of the geometry of the
Structure and the Laclination of the :nclusion. Consequen-
tly for practical considerations 1t -as teen proposed
(Schlosser, 1983) to use the value =% the limit shear
stress along the inclusion (Tmax = u*. Jg! which is appro-
ximately constant with depth as demcrnstrated by different
authors and confirzed by the observas:osns of Cartier and
Gigan (Fig. 4).

T max (kN/m?)

[} Silty fine sand
ool o . o
% o
L o
- ® Angle bar 50x50x3 mn

© Angle bar 80x60x5mn

ol Z{m)

i i A n A 1 1 1 " i

o} 5 10

Fig. 4. VALUES OF THE UIMIT SHEAR STRESS
ALONG REINFORCEMENT BARS
(After Cartier and Gigan , 1983) .

placement (few

Fig. S shows that a relatively small 3is
2 the limit shear
=

millimeters) is sufficient to generat
stress along smooth inclusions. Thess Sults agree with
observations on both Piles and Reinfzrced Earth. However
the mobilization of the soil-inclusion friction in compac-
ted granular soils depends on the volme of the sheared
dilatant zone around the inclusion and consequently on the
state of the surface of the inclusicn. Thus in the case of
ribbed strips (Fig. 3b) a large displiacement of about §

to 10 cm is necessarv in order to attain the peak value.

It ;
150l C (kN/m) SILTY FINE SAND
Shear stress
B ey S
e e -

100 T — :

—o— 1,25 m  Distance from
—-e-- 275m the facing
50 —a— 425m

Soil reinforcement
relative displacement

0 5 10 15 20 25(mm)

Fig:5a - MOBILIZATION OF THE FRICTION IN A
PULL-OUT TEST OF A TUBE .
( Cortier and Gigan , 1983 )
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T i{ltN) Pull out force

25¢
20+
d Reinforced Earth ribbed stri
Gravel einforce a ribbed strip
10 . Width: 6O0mm
i 9-42 Length 2mm
5 Thickness : 5mm
Depth : 2,75 m
(o] 5 10 15 20

Displacement & (cm)

Fig:5b - PULL OUT TEST OF A RIBBED STRIP
( Schlosser and Guilloux ,1979)

2.2.2 Lateral earth pressure on the inclusicn

The development of the lateral earth pressure on a linear
inclusion located inside of a s0ll mass requires a relative
rigidity of the inclusion as well as a shear zone in the

soil. Two different mechanisms can be considered :

1) the mobilization of the lateral earth pressure under
static conditions when a static equilibrium is reached.

2) the mcbilization of the lateral earth pressure under
soil-creep conditions, when inclusions are used in order
to decrease the rate of creep of a sliding slope.

The mechanism of lateral earth pressure under static con-
ditions has been widely studied for piles subjectad to ho-
rizontal loading (Brinch Hansen 1261, Matlock and Reese
1960, Ménard 1962, Broms 1967, Baguelin and Jezequel 1972).
Experiments and calculations have shown that the concept of
a local reaction curve, relating the pressure p_at the
front of the pile to the relative displacement r (R

radius of the pile), is valid, provided that the curvature
of the deformed pile is not too small. Figure & shows an
experimental reaction curve which gives initial and secant
values of the soil modulus Eg = 2kgR (kg subgrade reac-
tion modulus) and which 1s limited by the ultimate pressure
Pu- These two parameters are only depending on the soil
and not on the pile.

A prediction qf the reaction curve has been proposed by dif-
ferent authors and particularly by Menard (1962, 1968) and
Matlock (1970). Menard's prediction is based on the pres-
suremeter curve which appears to be in a good agreement with
the reaction curve because of the similarity between the
phenomenon of a cavity expansion within a soil and the la-
teral earth pressure mobilization in an horizontal loading.
It is assumed that the ultimate pressure Py 1is egual to the
limit pressure P1- Other proposed values of py are not so
easily related to the mechanical parameters of the soil ;
for instance Broms (1964) gives the following formula

Cohesionless soil Py * by 3 tgz FT:--%
Coherent soil 1Py =9 ¢y
The similarity between pressuremeter curve and reaction
curve suggests that the deformation corresponding to the
ultimate pressure py would be very high, about 100 %.
However the large deformations due to plastic zones around
the piles begin at approximately p = Pf.which corresponds

to a relatively low value of the deformation (y/R =5 to 10%).

Baguelin and Jezequel (1982) have shown experimentally that
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Lateral earth pressure

60
140+
12Q¢

00}
Creep pressure pf -

40}

x L e "

o 1 2z 3 4 5 6 T 8 Y/RI(%)
Relative horizontal displacement

Fig:6 - REACTION CURVE (Bagueiin and Jezequel,1972)

the lateral earth pressure p is essentially due to the rea-
ction of the soil at the front of the pile and that

only a small part is provided by the reaction at the back
and by the friction on the two lateral sides.

Considering the mechanism of the lateral esarth pressure on
a linear inclusion in static equilibrium, it appears that
the ultimate pressure py is difficult to obtain for inclu-
sion of diameter greater than 2 or 3 cm because of the re-
latively large required displacement (1 to 1.5 cm). Moreove
experiments on piles have shown that the placement methed
which disturbs the soil around the pile has a great influ-
ence on the soil modulus Eg and consequently on the displa-
cements necessary to mobilize the ultimate pressure p -

Creeping soil : The lateral earth thrust whichdevelops

on relatively rigid inclusions used to stabilize unstable
slopes of sliding ground depends mainly on the state of the
ground in the immediate vicinity of the potential sliding
surface. In the case of a creep state the main role of the
inclusion is to reduce the distortion rate ¥ in the sheared
zone. As shown later the lateral earth thrust mobilized at
the ground-inclusion interface depends both on the gradient
dy/dz of the distortion rate in the sheared zone and on the
level of ¥. To describe this interaction mechanism it is
sossible to use the law of the plastic flow of the soil
proposed by Leinenkugel (1976) and considered by Winter et
al (Helsinki Conference). According to this law the ulti-
mate shear stress Ty in the sheared zone is related to the
distortion rate (Y) by the so called viscosity index Iy :

]

TL = Cy (o) [ 1+ Iy ln(%l J

where : Cy (Yp) denotes the undrained cohesion correspon-
ding to a reference distortion rate ?0. The viscosity index
can be determined from undrained triaxial shear tests on
saturated consolidated soil samples.

By decreasing the distortion rate of the soil in its sur-
rounding the inclusion reduces the ultimate shear stress

71 mobilized in the shear zone. Considering a representativ
layer of a thickness dz in the sheared zone the static
equilibrium conditions implicates that when the slope is
unreinforced the ultimate shear stress T; must be equal to
the driving shear stress Tg whereas in the reinforced slo-
pe the change of the ultimate shear stress ATj in the soil
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surrounding the inclusion must be in equilibrium with the
lateral earth thrust on the inclusion. Thus, considering
a representative segment of the inclusion, as illustrated
in Fig. 7, the soll-inclusion lateracticr can be described
by the following equatien

p.B.dz = d 11 . 5%9
geq dT1 seq kY
I i i
P=78 gz g 7 aZ
with : k = Cu (%) Iy,

)

where 3T)] is the average change of the limit shear stress
on the equivalent surface of influence 59 of the inclusion
and B is the diameter of the inclusion.

This egquation shcws that locally the lateral earth t
under creep soil conditions depends on d7/dz and on Y.

Inciusion

Displacement rate
in the unreinforced
soil

qc Sheared
p.Bdz = SQq | SETE
Fig- 7+~ LATERAL PRESSURE ON INCLUSION

IN CREEPING SLOPE

2
5
(8]

2

ih
-
|

2.2.3 Passive earth thrust on cross 2lements o

te inclusions

Cross elements of composite inclusions can be either perpen-
dicular plates as in the case of "Ladder walls" or transver-
sal bars as in the case of grids or of "Anchored Earth" re-
inforcements. A passive lateral earth pressure is develop-
ing against these cross-elements and the zechanimsis rather
similar to the cne described in the previous secticn.

However it is interesting to know the distribution of the
resisting force in a composite reinforcement and particular-
ly the part taken by the cross elements (passive earth
thrust)and the part taken by the longitudinal bars {fric-
tion). Generally the part due to fricticn along a smcoth
longitudinal bar with an anchor at its extremity is small.
In the case of grids, Bacot (1981) has shown that friction
is the essential phenomencn at low values of the relative
soil-reinforcement displacement (0,5 cm) and that passive
earth thrust is only mobilized at large values of this dis-
placement. He has performed pull-cut tests in a large box
filled with compacted sand on different types of reinfor-
cements, 5 m long.

The results are presented on fig. B. There is a difference
in the maximum pull-cut force between a smooth bar and a
composite bar with very small transversal elements of 2 cm
long, due to the "rib effect" and consequently the dila-
tancy effect., However there is no difference if the length
of the transversal bars is increased (fig. 8). Unfortunate-
ly, all the pull-out tests have been stopped at a displace-
ment value of about 0.5 cm after the peak has teen rsached.
Only one test has been performed until large displacements
but on a slightly different reinforcement (two longitudinal
bars spacing of 15 cm and transversal bars, spacing of

20 cm) and with a different soil (gravel). It shows 'fig. 3)
two stages in the pull-cut mechanism : first the friction

Bar diamaeter -
Sceme

—
e, ¢l |

[ O @ @ 9
S

0,8 cm g

B e
n j (kN)

Pull out force

20 F per fongitudinal bar

20 om

@
® Rib effect
10

@

s FINE SAND

! ) Displacement 5
o} 0,25 0,5 0,75

A g

1icm)

Fig:8 - PULL QUT TESTS ON BARS WITH
TRANSVERSAL ELEMENTS (After Bacot,|98()

F § (kN) Pull out force
100

50

[oraver ]

Displacement 5

L i 1

o] 5 10 15 20 25 (em)
Fig:9- PULL OUT TEST ON A GRID {(Bacot,1981)

and the rib effect are mobilized at a very small displace-
ment 0.5 cm, leadirg to a first maximum in the pull-out
force displacement curve, then there is a progressive in-
crease of the pull-out force due to the mobilization of
the passive earth thrust on the flexible transversal bar
leading to a second maximum at a displacement of 25 cm.

2.2.4 Passive lateral confining pressure on stone co-

lumns

Stone and sand ceolimns are inclusions which can withstand
both compression and shearing. They are generally used as
compression resistant reinforcement but their response to
loading is mainly controlled by the confining pressure mo-
bilized in the surrounding soft soil to restrain their
bulging.

The soil-column interaction can be considered, in a first
approximation, as a plane phencmencn and consequently the
mobilized confining pressure q is a function of the radial
strain £_ at the interface. Considering an isclated column
in a semi-infinite soil this relationship g = £ (E ) can

be approximated by the pressuremeter curve (Hughes et al,
1975) . However in practice when a foundation reinforced by
stone columns is uniformly loaded the group effect modifies
the boundary conditions and requires a zero lateral strain
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at the limit of the tributary area of each column. This
boundary condition can result in a large increass 2f the
mobilized confining pressure. This aspect has been consi-
dered by different authors (Friebe, 1976 ; Goughnour et
Bayuk, 1979) and has been the basis for the develcpment of
the concept of a "unit cell” containing the column and its
surrounding tributary seil. In laboratory this ccacept can
be studied in a special cedometer with a central column
(Aboshi et al, 1979) but the 3Jetermination of the relation-
ship q = £ (€,.) would require the use of a mini-pressure-
meter at the location of the column.

3 - BEHAVIOUR OF STRUCTURES AND DESIGN METHODS

3.1 Retaining structures

3.1.1 Reinforced soil retaining structures

The behaviour of reinforced soil retaining structures de-
pends on the extensibility characteristics and or the re-
lative rigidity of the inclusions. Among the techaiques
mentiocned above Reinforced Zarth presents the case where
the inclusions are linear, imextensible and complastely
flexible. The behaviour of this system has already been
studied in details both on lahoratory models and full sca-
le experiments. Fig. 10 illustrates the fundamental aspects
of the behaviour of a Reinfcrced Earth retaining wall. The
locus of the maximum tensile Zforces in the reinfercing
strips separates an active cleose to the facing and

a resistant zone. This locus which represents a potential
failure surface is guite different from the classical
Coulomb's failure plane in rztaining walls. The distribu-
tion of the maximum tensile Zorces is also quite iifferent
from the trinangular active =arth pressure prediczad by
Rankine's theory. These differsnces have been explained
considering the effect of the inextensible inclusions both
on the stresses field {Schlcsser, 1969) and on the strains
field (Bassett, 1978) which Zevelop in the backfill mate-
rial. The inclusions restra:n the lateral deformations of
the structure and maintain the soil in the active zone in
a more elastic state of stresses. Consequently, The maxi-
mum tensile forces at the upper part of the wall corres-
ponds to the lateral earth pressure at rest.

zzone,

i Tmax/8H

Ko

aH
Ka

g x7

Fig:10 - BEHAVIOUR OF A REINFORCED EARTH
RETAINING WALL .

In reinforced earth walls the reinforcing linear strips are
usually made of galvanized steel. John and Peteley (Helsin-
ki Conference) present the measurements of tensile forces
distributions along linear strips made of paraweb in two
reinforced soil structures : the Portsmouth wall - 2,5 m
high and the Jersey wall - £ m high. The paraweb strips

are constituted of polyester fibers coated with plastic.
The admissible working stress for the paraweb strips is
about 200 MPa of the same order, as the admissible working
stress for the steel strips wnich is about 60 MFa. However
the paraweb is much more extensible than the steel and con-
sequently it can be reascnably expected that the lateral
deformations of the wall with paraweb strips would be larger
than those expected in reinfcrced earth walls.
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Fig. 11 presents the maximum tensile forces distribution
measured =v John and Peteley. In the upper part of the wall
this distribution is close to the K, line. This suggests
that the lateral deformation of the structure are large
encugh tc attain the K, state of stresses in the soil and
consequently the tensile forces measured in the paraweb
strip in the upper part of the wall are smaller than those
measured -n steel strips in the upper part of reinforced
earth walls. Marczal (Helsinki Conference) reports the re-
sults of a full scale experiment on a 6 m reinforced earth
wall using relatively inextensible linear strips made of
glass fiber reinforced polyester. The measured tensile for-
ces are larger than those calculated considering a K; line
distribut:ion.

f I a ) )
ag 0
o | .
2 *«_ Tensile forces in
30 Y 8 12 je the reinforcemants(kN)
Fig:1l- TENSILE FORCES IN A REINFORCED SOIL

WALL (John ond Petley ,1983 )

Considering inextensible inclusions a limit analysis method
nas been ZJeveloped (Juran, 1977) and used to interpretate
the two Zailure modes : breakage of the strips and sliding
?f the strips in the resistant zone. Present design methods
for Reinforced Earth walls (Schlosser et al, 1979) integra-
te both these theoretical results and observations on full
scale structures.

In-situ retaining structures built using soil nailing pre-
sent three major differences with reinforced earth walls

1® - the in-situ soil has generally a cohesion ; 2° - the
inclusions when installed as micro piles, present a certain
rigidity to bending which affect the behaviour of the struc-

ture ; 37 - the construction of the wall is realized as an
excavaticn starting at top and consequently the stress his-
tory is different.

A few number of experimentaticns has been published (Stocker
et al 1973 ; Gdssler and Gudehus, 1981 ; Shen et al, 1981)
but partial observations on actual structures have been
frequently reported during the last decade. They have shown
the develcpment of active and resistant zones considering
the distributions of the tensile forces along the reinfor-
cements. Although the maximum tensile forces line is dif-
ficult to determine it seems to be different from that of
reinforced earth- wall due to some factors, including : lar-
ger horizontal displacement at the top ; cchesion of the
in-situ soil, inclination of the inclusions and of the fa-
cing 3 ‘@tCuiws

Cartier and Gigan (Helsinki Conference) present a full sca-
le experiment on a nailed soil retaining wall 5.5 cm high
with a vertical facing. The inclusions were driven angle
bars of a relatively low bending stiffness and were incli-
ned at an angle of 20° to the horizontal (HByrpinoise method).
The soil was a silty fine sand. Fig. 12 illustrates the
lateral displacements of the structure measured with incli-
nometers and is clearly shown that this displacement pat-
tern is guite different from that of the facings of rein-
forced earth walls. Similar results have been reported by
Gdssler and Gudehus (198!) and by Shen et al (1981). They
indicate that the progressive failure in a nailed soill wall
induces larger displacements at the top of the wall.
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BEHIND A NAILED SOIL WALL
(Cartier and Gigan ,1983)

Guilloux et al (Helsinki Conference) report a case history
of an instrumented nailed soil retaining wall, 14 m high,
with a facing slightly inclined (steep slope of 10/1).
Micro pile type reinforcements were used and they were
practically horizontal. The soil is a dense mcraine. The
tensile forces measured in the inclusions show the develop-
ment of an active and a resistant zones. Under frost con-
diticns the heave effect results in an increase of the la-
teral earth thrust on the facing and consequently the ma-
ximum tensile forces in the inclusions develop at the fa-
cing. Guilloux et al present a design method developed

by Terrasol (Schlosser, 1983). This design method takes
into account failure corditions and considers four Failure
criteria related to the mobilization of the different ef-
forts in the soil and in the inclusicns 1? - shearing of
the inclusion due to the combined effects of the mocilized
tensile force, shearing force, and bending moment ; 2° -
shear strength of the scil ; 3° - lateral friction along
the inclusion and 4° - lateral earth pressure on the in-
clusion. Calculations are made along a circular sliding
surface using a slices method.

Fig. 13 shows the simplified case of the first criterium
when the bending moment can be neglected. The condition
T 5 k (maximum shear stress in the reinforcement) leads
to the following formula

()’ e (/R s

where N and § are the tensile and shear forces, Ry and Ry
the resistance of the bar to tension and to shearing.

At failure, the tensile and shear forces mobilized in a

bar are determined using the principle of maximum plastic

work as indicated on the fig. 13. This principle gives :
- - .
(F-F*) .6d20

— —

where F is the real force in the bar, F* a virtual force

which respects the failure criterium and the displacement

of the bar, at a point of a circular failure surface. ¢ is

tangent to the circle.

The third criterium can be written : N 3 Ny  where Ny is

] F 4
} k| te
L N ‘,’ R \\‘
Y
E.g N i e
c o]

State of stresses in the

51}&
R,.Bén
e
0 Rn-"‘ surface

Application of the principle of maximum work
Fig: I3.- DETERMINATION OF THE MAXIMUM FORCE N
THE BAR (Schiosser ,1983)

the pull-out force zf the part of the portion of the bar
located bevend the Iailure surface.

Taking into account tne fourth criterium requires to con-
sider the bending zcment. It leads to a yield surface in
the(N,S}plare which is much mcre complex than the ellipsa
corresponding to the first criterium only. This design
method which has besn checked on many reinforced soil
structures (Schlosszr,6 1983) (walls with flexible bars, ri=-
gid bars, slopes stztilized by micro-piles) is used with
the following values of the safety factors : elastic limit
stress for the steel, half of the pull-out force for the
friction, lateral earth pressure limited to the creep pres-
sure in the pressursneter test, safety factor of 1.5 on the
shear strength of the soil. The values have been chosen

in order that all the criteria will be compatible with
respect to the considered displacement pattern.

Along with deterministic design methods, statistical ap-
proaches are presently developed to overcome the difficul-
ties involved with the determination of design parameters
and safety factors. Such a probabilistic approach is pre-
sented by Gissler a=d Guehus (Helsinki Conference) for
the design of nailed soil retaining walls.

3.1.2 Multi anchcred walls

The concept of a multi anchored wall has been initiated

by Coyne in 1926 with the invention of the "ladder wall"
system, Similar systems have been recently developed
(Murray, 1981 ; Fukuicka, 1982 ; etc...). Fukucka described
a full scale experizent on a multi anchored wall the facing
of which is made of fabric attached tc vertical columns.
The backfill is a silt. The composite reinforcement con-
sisted of steel anchored rods attached to concrete verti-
cal plates (1l m X 1 = X 0.15 m),

Fig. 14 shows the roctation of the columns, the active earth
pressure on the facing and the mchbilized passive lateral
earth thrust on the concrete plates which is slightly supe-
rior to the lateral earth pressure at rest. These results
show that in this retaining system the displacement (rota-
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Fig:14 - BEHAVIOUR OF A MULTI ANCHORED WALL
(based on results reported by Fukuoka et al,1982})

tion) of the facing is sufficient to attain the active
earth pressure on the facing. The displacement of the an-
chor rods results in a mobilization of the lateral earth
thrust on the concrete plate. This lateral earth thrust
can be predicted provided that the mobilization curve of
passive and active earth pressure, shown in Fig. 14, is
known.

Chabal et al (Helsinki Conference) present the construc-
tion of a dam built with a "ladder wall" system, 21 m
high. The down stream facing of the dam was constituted
of the anchor plates. Measurements have shown that the
tensile forces in the tie rods de not increase linearly
with the overburden pressure and are less than predicted.
This structure behaves rather like a double facing struc-
ture and is therefore different from the classical multi
anchored wall. It can be reascnably expected that the
state of stresses in the soil is close to Kg.

In-situ multi anchored walls are realized using prestres-
sed active anchorages. The construction process is similar
to that of a soil nailing system but the behaviour is re-
latively different because the prestress efforts restrain
the lateral displacements. This system has been recently
used for the construction of a 30 m deep retained earth
structure which has been thoroughly investigated (Kerisel
et al, 1981). However this system will not be discussed

in this report.

3.2 In-situ slope stabilization

Four papers submitted to this conference deal with in-situ
slope stabilization by soil nailing (Juran et al) by piles
(Winter and Gudehus, Cartier and Gigan) and micro-piles

(Lizzi). The behaviour of these systems is discussed below.

Speciality Session 5

3.2.1 Nailed slopes

The stabilization of unstable or sliding slopes by nailing
consists of placing passive linear inclusions capable of
withstanding bending moments vertically or perpendicular-
1y to the failure surface. The inclusions are installed
with a uniform density and the ccmstruction process is
similar to that used to build naiied soil retaining walls.
The behaviour of the system depends on several factors,
including : the inclination of the inclusions with res-
pect to the failure surface, their density, the relative
rigidity of the inclusion and the soil and the actual
state of the sliding (static equilibrium, creep, etc...)

The effect of the corientation of the reinforcement has
been studied by Jewell {(1980). Be showed that the develop-
ment of tensile forces in the reiaforcements during a di-
rect shearing of a reinforced scil depends mainly on the
inclination of the reinforcement with respect to the sli-
ding surface. The maximum increase of the shear strength
cf a sand sample reinforced by passive bars or grids is
reached when the reinforcement is oriented close to the
direction of the principal tensile strain increment which
would have occurred in the unreinforced sand at failure.
when the reinforcement is oriented in a direction of a
compressive strain increment it may result in a decrease
of the shear strength of the soil. Fig. 15 shows the ex-
serimental and theoretical relat:onships between the in-
-rease of the shear resistance of the reinforced sand

/Oy {0, being the applied normal stress) and the incli-

N Y
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compression

Fig:15 - INCREASE IN THE SHEAR STRENGTH OF
SAND ( AUreinf/ Gy)mox ¥s THE ORIENTATION @ OF
THE REINFORCEMENT ([ Jewell,1980)

Jewell showed also that an extremely small displacement
is sufficient to generate the soil-reinforcement fricticn
and the corresponding increase AT of the average shear
stress mobilized along the slidirg surface.

These results suggest that reinfcrcing of an unstable
slope in a direction of the compressive strain increment
that is in the upper part of the slope, is ineffective

and may decrease the shear strength mobilized in this
part along the failure surface. Bowever this mechanism
ignores the lateral earth thrust on the inclusions, which
at larger displacements results in the mobilization of the
tending stiffness in the inclusioms.

The effect of the rigidity of the inclusions has been
studied experimentally by laboratsry direct shear tests
on a silty scil reinforced by a row of vertical steel
tars of different diameters (¢ = 3 mm and 12 mm) (Juran
et al, 1961). The results showed : 1° - a progressive
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mobilization of the bending stiffness of the bars which
results in an apparent cchesicn c* of the nailed soil ;

2° - the displacement necessary to mobilize entirely this
apparent cohesion is much larger than that required to
generate the soil-reinforcement friction. Juran et al
(@alsinki Conference) raport a finite element analysis of
the behaviour of the nailed silty soil in the direct shear
tests described above. Fig. 16 shows the comparison of the
twaoretical mobilization of the global apparent cohesion
-+ with the experimental results. The curves present a
change in the slope at a relative displacement of about

4 3. This change is due to a progressive plastic flow of
the soil around the bars. The finite element analysis
agrees fairly well with the experimental results. It shows
trat the global apparent cohesion of the nailed soil is
much larger than that corresponding to the sum of the
shear forces mobilized in the inclusions. The authors show
trat this difference is due to the effect of the presence
of the inclusion on the stress and strain fields in the
cil.
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Fig: 16 - MOBILIZATION OF THE APPARENT COHESION
OF THE NAILED SOIL (Juran et ai,1983)
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suxumoto (1974 and 1976) reported observations on slope
stabilization by soil nailing and particularly an in-situ
shear test on a soil mass reinforced by two steel pipe pi-
les. The results show a mobilizaticn of the bending mcment
similar to that described by Juran et al.

when nailing is used to stabilize a sliding slope the be-
haviour of the nailed soil is controlled by the creep cha-
racteristics of the visco-plastic flowing scil and there-
fore seems to be different from the behavicur of the same
nailed soil under static equilibrium conditions. Ito and
Matsui (1975) have developed two approaches to analyse the
problem of lateral pressure exerted by laterally sliding
scil on a row of rigid piles. They have considered : 12 =
a plastic deformation of the soil around the piles, and
2% - a visco-plastic flow of the soil around the piles.
The two theories, were applied to predict the total late-
ral force on instrumented piles in five different sites,
and yieldied results of the same magnitude which corres-
ponded fairly well to the experimental observations. Al-
though in the theory of viscc-plastic flow the lateral
farce increases with the viscosity of the soil and with
the sliding velocity, it does not change very much with
the yield stress of the soil considered as a Bingham's
solid. These results suggest that pseudo static conside-
rations can be used in a first approximation to analyse
the behaviour of a nailed soil under creep conditions.

ur

Such an approach is groposed by Winter st al (Helsinki
Conference) . They cons r assentially that the lateral
earth pressure on the pile is related to the change of
+he undrained cohesion of the creeping soil due to the

decrease of the creep rate.

The uniform density of a nailed slope :s also an essential
parameter of the behavicur because 1t controls the group
effect. Considering the lateral earth pressure on the re-
inforcements the group =Zfact results in an apparent inclu-
sion constituted of the reinforcement and its tributary
surrounding soil. Consecuently the total lateral earth
pressure resisted by the group of inciusions 1s greater
vrhan the sum of the earth thrust on the individual rein-
forcements. When the 3ensity is large enough the nailed
s0il behaves as a monoiith. However this group effect which
is a common problem in soil mechanics has not yet been
sufficiently investigated.

oresent design methods Zor nailed slope under static squi-
librium conditions do not consider the sroup effect. The
Terrasol method presentsd by Guilloux =t al {1383} Zor the
design of nailed soll retaiming walls can also be used for
the design of slope stabilization. A displacement calcula-
+ion method is proposed by Cartier and Gigan (1983) . This
method is based on the consideration of circular sliding
surfaces and on an increase of the sa factor due Lo
+he moments and the snear forces mobi d in the inclu-
sions. To calculate these moments and shear forces it Is
necessary to know the relative displac=aent of the pile
and the soil and therefore the initial displacement patter:
of the slope in the absence of the reinforcements. Zxcept
of some particular cases the Jetermination of these dis-
placements is difficult and requiras 2 finite element ana-
lysis.

Under creep conditions Winter et al {1233) propose a pseu-
do static design methcd based cn the principles described
above (see 2.2.2). The lateral =arth ¢ sure on =2ach 1n-
clusion corresponding to the decrease the creep rate

from Vy to Vp is given

. S 1 Vi
= A . — N ——
P n 7o

where S and h are resgectively the trinutary area per in-
clusion and the effective height of the resisted lateral

pressure. A 1s a par er depending cn the creep charac-
teristics of the soil.

3.2.2 Piles

One or two rows of large rigid piles are often used

to stabilize land slides {Yamada et al, 1971 ; Fukumcto,
1972 ; Kerisel, 1976 : Scmmer, 1979). The behaviocur of
this system is different from that of a nailed slope be-
cause the row of piles usually constituted a relatively
rigid screen and consequently an element of discontinuity
in the displacement pattern of the slope. Usually the pi-
les are located at the toe of the slope and consequently
the stabilization is progressive starting from the lower
part of the slide. However, as in Soil Nailing, the ben-
ding stiffness of the pile is the essential parameter.

Three types of design methods have been developed. The
first one (Brinch Hansen, 1960) considers a rigid plastic
soil and assumes that the passive lateral earth pressure
on the pile is entirely mobilized at both sides of the
sliding surface. This method is usually applied for thick
piles.

The second method is an elasto-plastic approach as propo-
sed by Juran et al (1381} and Cartier and Gigan (1983} Thas
method requires an adequate determination of the relative
displacements between the pile and the soil. This approach
is more adapted for the design of rather flexible piles.
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The third approach, as described by Winter et al (1983),is
used for the stabilization of creeping slopes. The first
and the third approaches have been considered by Sommer
(1979} in the analysis of a sliding slope stabilized by a
row of rigid instrumented piles, 3 m diameter. The 1O m
high clayey slope was sliding at a rate of 14 mm/month.
Fig. 17 shows the design and measured lateral =sarth pres-
sure on the piles. The measured earth pressure on the piles
corresponds to an increase of about 5 % of the total shear
resistance alang the sliding surface (soil shear strength
+ shearing efforts in the piles) but this slight increase
was sufficient to reduce the sliding rate to abcut 10 % of
its initial value.
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Fig7-STABILIZATION OF SLIDING SLOPE (Sommer,|979)

Cirtier and Gigan [1383) have used mcre flsxible inclusions
in three rows cof poured in place concrete piles (40 cm di-
ameter reinforced by H200 metallic profiles tc stabilize

an unstable slope under a railway embankment. The slope was
progressively sliding at a rate of 10 cm/year. The measure-
ment of the displacement of the pile enabled to calculate
the shearing efforts and the bending moments in the pile
and to demonstrate that an increase of about 7 % of the sa-
fety factor was sufficient to reduce the sliding rate to
2.5 mm/year.

It is interesting to note that in the two cases described
above the lateral earth pressure on the pile was signifi-

cantly inferior to the creep pressure of the soil.

3.2.3 Micro-piles to stabilize land slides

In a paper to this conference Lizzi describes the multiple
applications of micro-piles in slope stabilization, retain-
irng structures and foundations. The author distinguishes

the cases of stiff and loose soils. In the first case mi-
cro-piles are uniformly installed all along the slope and
have mainly to create in-situ a monolithic rig:id block of
reinforced soil sufficiently deep below the critical failure
surface. In the second case the micrc-piles are concentrated
in the lower part of the slope to create an in-situ gravity
wall.

The main difference between this system and soil nailing is
that the behaviocur of micro-piles is significantly influen-
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ced by a structural effect (Lizzi et al, 1979 ; Schlosser

et al, 1979) which is due to the particular arrangement

of the micro-piles. The complex soil-piles interaction is
usually large encugh to create a monolith but it has not beea
yet sufficiently investigated. This is the main reason for
the fact that present design methods consider almost only
aspects involved with the external stability of micro—a}}es.

1.3 Shallow foundations with reinforcements by H.M.JACCBSER

Six of the contributions to this session are concerned
with the influence of soil reinforcement on the ultimate
bearing capacity =f a shallow footing. Many papers have

in recent years dealt with this problem. It would seem
possible to find 2 main tendency in the behaviour of such
a footing by comparing all these papers, but most likely
such procedure would prove difficult due to deficient data
on the research reported. For instance, the depth to the
first layer of reinforcement or the density of sand may be
missing; or the triaxial friction angle may be given with-
out any information on stress levels, which differ very
much from triaxial to small scale model tests; or the ul-
timate bearing capacity of a corresponding mcdel footing
on an unreinforced sand could be omitred. Another diffi-~
culty is that d:Zferent failure criteria have been used,
for instance maximum load or load at differently specified
relative settlecents, 3elow follows an assessment based cn
existing papers containlng sufficient data for the analy-
sis.

3.3.1 Bearing cagacity of footingson reinforced sand

Special interest seems to concentrate on model tests on
inclusions in a sand mass wWwithout a weaker subsoil. These
models imploy cne to S1X layers of reinforcement.

The displacezent vector field has been studied very
carefully by photogrammetric or stereo-photogrammetric
technigues. The zestbox has then a wall made of thick
glass to permlt oshotography or a two dimensional material
(steel pins) has been used. The vector field is analysed
in order to fing crajectories of zero extensions or of
principal tensile strains. The latter is very impertant
because the most effective ocrientation of a limited num-
per of inclusioss is supposed to be that of the principal
tensile strains, Andrawes et al. 1978.

The displacement field depends on the material of the
inclusions. Synthetic materials have norgally lower 1n-
soil friction than the soil itself and the displacement
will have a tendency to follow the surface of the inclu-
sions. A layer of steel rods can have an in-soil friction
equal to the soil friction, Andrawes et al. 1978, and the
displacement will either go through or away from the in-
clusion. When using flexible inclusions as for instance
geotextiles, the failure cculd develop in the soil before
activation of the reinforcement. In that case the zero ex-
tension trajectories are nearly identical to the so-called
deformation characteristics used in the theory of plasti-
city. The observed vector fields are normally in clase
agreement with the rupture figure for the bearing capa-
city problem, fig. Idand 19 Therefore, it seems reason-
able to use the theory of plasticity as a starting point
for analysing the bearing capacity of reinforced soil, at
least when flexible materials are used. In the absence of
a petter theory it could be used for stiff reinforcements
too. However, coservations of displacements above the in-
clusions, Andrawes et al. 1978, seem to indicate, that
the upper part of the soil has to be regarded a special
layer.

Some inappropriate locations of inclusions are men-
tioned in several papers and fig. 3 displays correspondirg
displacement fields / rupture figures. The inclusion in
fig. 20a has a relatively smooth surface, and slippage be-
tween sand ard inclusion will reduce the bearing capacity
from that of the scil alone, Andrawes et al. 1978. At 3b
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— Principal tensile strain directions

———Zero extension lines

Fig: 18 _ OBSERVED TRAJECTORY DIAGRAM OF TENSILE
PRINCIPAL STRAIN AND ZERO EXTENSION LINE
FOR SAND ALONE, ( Andrawes et al, 1983 )

Fig: I19_ RUPTURE FIGURE FOR BEARING CAPACITY OF A
FOOTING ON A UNLOADED SAND SURFACE ,
( After Lundgren and Mortensen, 1953 )
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Fig: 20_ INAPPROPRIATE LOCATIONS OF INCLUSIONS

and 20c¢ toc short inclusions are placed in the lines of
principal tensile strains. At 20d a PVC-grid is used in a
model test; although the displacement field loocks wery
different from that of the sand alone, the bearing capa-
cities are cbserved to be nearly squal as should be when
using the theory of plasticity.

The »ptimal location of a single horizontal layer
which gives the highest improvezent factor on the ulti-
mate or residual bearing capacity is studied in scme pa-
pers (Table 1). The maximum benefit occurs when the geo-
textile is situated at a depth of 0.25B - 0.5B, where B
is the width of the footing. The optimal length of the

inclusion depends on the material. Extensible inclusions
~ransfer their stresses into the soil cver a limited area
arnd the optimal length L is found =c be L = 3B, Fragaszy
or al. 1983. Rigid inclusions, e.g. by steel, require a
cigger anchor length, McGown 1979, The use of more layers
-ave been studied by many authors (Table 2). Two or three
iayers have a favcurable effect on the bearing capacity
sven with a vertical spacing Z of .5 - 0.75B.

The most important results of all these efforts are
1zcrovement factors, which depend on number of layers,
vertical spacing af the layers, depth to the upper layer,
strength of soil, inclusion materials, etc. Therefore it
is complicated to achieve a general 1dea of the reinforce-
—ent mechanism or at least to make a convenlent comparil-
son.

In one of the papers Denver et al. L9E3 propose to use
the theory of plasticity in the simplest cossible way
«nen calculating the iLnfluence of a pyC-grid. This idea
-an be used also to analyse test results @:ith herizontal
reinforcement layers, when introducing an angle of distri-
sution a.

First a single layer of reinforcement s considered.
—he reinforcement and the sand above is assumed Le be a
Acmogeneous material which 1s stronger than the subsoil.
failure occurs when the footing penetrates the upper re-
_nforced layer into the weaker subsoil. The stress distr:i-
sution through the upper sand layer s then assumed to
Z-1low lines inclining 1 to the vertical (f.g. 4) . The
zorresponding hypotherical footing an the subsorl has a
w:dtn B*, which 13

g* = B(l + 2tana D/B)

and a bearing capacity, which can be expressed as,
.

g* = —yB*N s+ (3 + DIN_ s d

E g U SRy a9 3
where vy is the sand density, N, and Nq bearing capacity
factors, s, and s shape factors, dq is a depth factor,

' 1
:nd - is the settlement at failure. The 3urface of the
cand is assumed to oe unloaded and rhe lcad on the foot-
1ng vertical.

DV R

Fig: 2. PENETRATION OF REINFORCED SAND

The lcad on the real footing can then be calculated
from X
_ A x
=54

where A and A" are areas of the real focting and the hy-
sothetical footing respectively. It is assumed that the
resulting force on the two inclined distribution lines is
nerizontal.

A depth factor of dq =1 + 0.35D/B is used when the

results are analysed. Observations of vector fields seem
to show that sand grains in the upper layer move towards
the footing, which means that the horizcntal pressure may
e too small to establish the normal shear forces along
the rupture lines in the upper parts of the rupture fig-
ure. The use of a depth factor different from unity can
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therefcre be discussed, but its influence on tana is
rather small.

In tables 1 and 2 are mentioned some of the most com-
plete test series. The friction angle is calculated by
backanalysing tests on pure sand using bearing capacity
factors from Lundgren and Mortensen 1953. The friction
angles may therefore differ slightly from those in the
papers gjuoted in table 4 and 2. They depend strongly on
the stress level or the size of the model; i.e. the
smaller the plates, the higher the friction angle.

The calculated values of tana for a single layer of
reinforcement are plotted against u/B in fig. 5. The re-
inforcements consist of gecotextiles, woven or non-woven;
of polypreopylen rods or of rope fiber strips. A certain
scatter is observed, but in spite of that there seems to
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be a tendency for tana to decrease when the relative depth
of the laver u/B increases from 0.1 to 1.

Tests with several layers (2-6) can be =rsated the

same way. The upper layer now includes all :aclusions,

aven griids. tana 1s plotted also against 1.3 in figure23.

The result is rather astonishing, because 2f the limited
scatter, taking into consideration that diffsrent types
of inclusicn and test procedures have been :sed. For u/B

> 0.5 tara is nearly constant, but for u/B < 0.5 tanc may

assume higher values, which means that the zse of rein-

forcements is much more effective, when the ppermost
layer is situated at a small depth below the footing. The
knowledge on this particular point is still iasufficient
and further experiments are needed.

Table 4. A single horizontal layer of reinforcement. Subsoil : Sand.
ANDRAWES Geotextile, ncn-woven u/8 2.250 8.500 1.00
McGOWN 18 330 310 235
WILSCN - - Sand: n = 2.34 B $:21 0.20 0.14
FAHMY A s
1983 - Model: L = = B=2C2.12 = tana @83 Q.20 -0.16 =¢. 22 -0.24
VANISEK Geotextile, woven u. B ) 3.75 1125
1983 a kN;@" TR 280 175
Sand: v = i3 xN,m° {2) B S 23 S0 9.15
? =z
Mcdel: L = = 3=1.24m rani 0, 3 -3.26 =519
AKINMUSCRU Rope fiber strips u, 8 (S 245 075
AKINBOLADE dorizontal spacing . B %x. B ) 2 &2,5 3.5
1931 Sand v = 17 kN/m’ 3 <N;m" az .
& 4203
Mcdel: B =L = 3.1 @ 33 1.17
4B = 2.0 (2) tanz -0.23
MILOVIC 4,8 A 1 3.5 0.75
1377 - q %N./m" 4z rarafe, 328 1130(7)
Sand = 15 kN =’ & 1D B el BIR 0.
> A28
Model: D = 2.6 m tana -0.23 -2.27 -0.06
Atan a A tan o
05¢ 05+
+ 1 2-Bnumber of layers
x 1< D/B< 45
0.33<Z/B<1
4 +
U/B
0 0 : ! : >
% 1 2
T 1 0
a § a % 5
{ ] ° 2
-0.31 -03 1
Fig: 22. TAN. X FOR A SINGLE LAYER OF Fig: 23_ TAN @ FOR 2-6 LAYERS OF REINFORCEMENT

REINFCRCEMENT
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Table >. Test results with N horizontal layers (N > 1). Subsoil Sand.
BINQUET Aluminium strips u/B Q.33 O.é? 0.33 f ;3 :.33
LEE D,B 1.33 1.66 1.20 1.67 2,00
L " - : 2.0
1375 Sand: 7 = 15 kN/m’ q kN/m" 33 186 162 116 214 53
N 4 4 3 5 &
Model: L = = B = 0.076 m 3/8 0.08 0.07 0.07 0.07 2.07 .07
» 420
tana -0.1 -0 12 -0.19 -2.08 -0.26
u/B Q.86 1.00 1.00 1433 1.67
D/B 133 .67 3 2.00 2.33
q kN/m® 116 128 148 141 120
N 3 3 4 3 3
§/B 0,07 3.07 0.07 a0 Graag
b 420 .
tana -0.18 -0.16 -0.13 -0.14 -0.t14
FRACASZY Aluminium strips u/B Q.33
LAWTON D/B . 1.00
ASGHARZA- Sand v = 15.4 kN/rn3 g kN/m* 75 200
DEH-F0ZI N 3
1983 Model: L = = B = 0.076 m 5/8 0.1 J.22
b 429
tanx -0.04
DENVER PVC-grid u,;B 0. k5 ?.3;
CHRISTENSEN D/B N . :.‘JB 'J; .
HANSEN Sand ¥ = 15.5 kN/m’ g kN/m” 7 244 85 39
STEENFELDT 3/D 3.10 J.10 Q10 Gzl
1983 Model: Circular Dm 3.065 G.065 0.15 0.15 .
b 44° 412
tana -J.04 .35
y ~ o .75 C.5 5
AXINMUSURA Rope fiber strips a,/B 5.75 o.zs 322 J.:S - g
AKINBOLADE Horizontal spacing 0.5 D/8 Lz25 75 2225 2 e i
g ) kN,/m? 3 1319 733
1981 g kN/m 142 139 113 2 :
Sand ¥ = 17 kN/m’ N 2 4 5 ; .
£B ~0.1 0.1 .1 ~0L1 . .
Model: B =L =0.1m 3 4009 i
tana -0.16 -0.16 -0.13 ~0.13 -¢.09 '3-j9
u/B 0.25 0.50 .75 1 13 0.3
D/B 2w 2,50 2.75 3.00 350 4.5
q kN/m° 175 182 139 i16 114 155
N S 5 5 5 ] 5
3D ~0L 1 oL 0.1 L1 Q.1 20477
4 40° )
tana -0.12 -0.11 -0.13 -0.12 =0« K1 -0.39
The abcve analysis seems to show: &?@ g
(i) It is possible to find the improvement of bearing

capacity when reinforcing a pure sand layer. The normal
approach for penetration of a layer into a weaker soil
can be used, but with different pressure distribution.

(ii) The "distribution angle” a seems to be nearly in-
dependent of inclusion material, number of layers, densi-
ty and strength of sand, and reinforcement depth within :
the wide range of parameters used in the tests.

(1ii) The "distribution angle” a seems to depend main-
ly on the relative depth of the upper layer of reinforce-
ment.

The negative value of a indicates that a better method
be propesed in the future.

The basic idea in the proposed calculation method is
that failure occurs in the subsoil as normal, but that
the reinforced sand beneath the footing acts as a block
during the penetrating process.

In the nodel tests two additional modes of failure
were observed. The inclusion was pulled out or broke
during failure. The reinforcement ties always broke ap-
proximately under the edge or towards the center of foot-
ing, Bingquet and Lee 1975. The tensile forces have been
determined in an undamaged geotextile, Andrawes et al.
1983, and show the same tendency (fig.24).

Fig:24_ POSSIBLE LOCATION OF BREAKES ,(Binquet and

Lee, 1975). AND TENSLE STRESSES IN A
GEOTEXTWE, (Andrawes et al, 1983)

In the model tests the bearing capacity is only slight-
ly influenced by these phenomena, but in practice the ten-
sile forces in the inclusions are much higher.

For design purposes it is very important to be able to
calculate tensile forces in the inclusions. Design methods
based on the theory of elasticity, Schlosser and Long
1974, or the theory of plasticity, Bingquet and Lee 1975,
have been proposed, but have not until now been compared
with relevant experimental datas.
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3.3.2 Settlement of footings on reirnforced sand

Settlement of footings on reinforced sand are strongly
deperndent on the properties of inclusiocn material such as
flexibility and surface roughness, the number of rein-
forcement layers, and prcperties of the sand.

When using a flexible, non-woven gectextile the load-
settlement curve is not influenced by the reinforcement
until a certain value of the settlement :s reached, ac-
cording to Andrawes et al. 1983, 0.08B. For any other ma-
terial reduced settlements are observed sven for very
small loadings. For woven geotextiles the improvement
seems to be up to 100%, Vanicek 1983, fzor aluminium strips
50-5C0%, Binguet and Lee 1375, for steel rods and PVC-
grids even 500-1000%, Milovic 1379, Denver et al. 1983.

The effect of repeated lcadings has seen dealt with
in two papers. Denver et al. menticn that when using a
PVC-grid as reinforcement the settlemer are reduced bty
a divisor of 2-5. Patel and 2aldas use 2 cCozpOSLlL2 Yein—
forcing element. They Take a distincti cetween the ela-
stic ccmponent Se and the glastic compcrant 53 cf the

settlement. They find that the elastic -smpeonent is un-
chancged but the plastic compenent is reiuced by a 3ivisor
of more than 2.

All the tests menticned -
rests. However, their cor
iimitsd because the similaricy
Three major prcbizsms se menticoned
The stress field i1z model and Ln pr Y
imiiar. In the menticned small scale ocdel
stresses are much smaller zhan
Zricticn angle depends very
much nigher in model :ests

incerrectl”

tvce. The stress distr:puticn
ably leading tec an
problem may be overccoze
eratizn
and Xrarup [283. The small s3cale nodel
to describe a certain crhencmencn as for

E
cal utilizaticn it shculd be ccontrczlled by centri-
5

The inclusions have %o de carefully scaled down 1t
tensile forces cor breaxs in the inclucizns should be
studied. Strictly speax:ing the dimensizcns sheould te
scaled down; an infericr alternative is o scale down the
strength of the mater:al, Cvesen and Xrzrup 1383. In nei-
ther of the tests mentioned above scal:rng has been intro-
duced.

The grain diameter, the thickness cf inclusion, and
the stress-strain curves are normally nct scaled down,
and the settlements of the model are ncrzmally not similar
to the settlement of the prototype. Carefully described
case studies are therefore very valuable. In very small
models the scaling effect from grain size can be chserved
on the failure leocads too, but such small models are nor-
mally not in use anymore.

3.3.4 Reinforced footing on soft subscils

5 papers submitted to this conference ccncern the influence
of the geotextile located at the surface of a soft subsoil
under an embankment or road layers on the defcrmation and
on the general stability.

Kebs et al (1983) have carried out centrifugal tests and
Boutroup et al (1983) have performed a finite element ana-
lysis. These two studies provided similar qualitative re-
sults which enable to explain the mecharism the geotex-
tile membrane restrain the lateral displacement of the sub-
soil and consequently the settlement of the loaded surface
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1s practically uniform. The amplitude of the total settle-
ment is only slightly reduced. Bowever as shown by Jewell
(1982) an extension of the geotextile under side berms re-
sults in a restrain of the lateral displacements under a
larger surface and consequently may decrease the total
settlement. Boutroup et al have shown that under undrained
conditions (v = 0,5) the tensile forces in the geotextile
are larger than those developing under drained conditions
(v = 0.33).

Gourc et al (Helsinki Conference) have carried out experi-
mental study of the behaviour of a road sand layer loaded
by a slab and based on a clayey subsoil. A geotextile
membrane was placed at the subscil surface. They have al-
so shown that under a static loading the membrane modifies
the displacements pattern in the subsoil and consequently
reduces the total settlement and :ncreases the bearing
capacity.

For practical considerations of Zdesign purposes the conven-
tial method is usually based on a zircular sliding stabili-
ty analysis taking intc account the tensile forces mobili-
zed in the reinforcements (Jewell, (382). Quast et al
(Helsinki Conference) propose that when a relatively de-
formable geotextile {admissible strain of 3> %) is used the
deformation of the reinforcement fsllows the displacements
the soil along the potential fa:lure surface, Consequen-
tly the tensile forces are mobilized in the direction of
the failure surface.

3.4 In-situ reinforced soil foundazion

3.4.1 Stone columns

Reinforzing soft foundation soil bv sand or stone columns
have mainly three reascns

1° - to increase the bearing capacity of the foundation
soil.

2° - to reduce settlement and accelsrate consolidation.

3° - to increase the slope stability of a supperted embank-
zent.

Thus the column has both a reinforcing role offering high
rasistance to compression and to shearing and a drainage

role when it is realized in a fine saturated soft soil.

3.4.1.1 General considerations on the behaviour

The most common use of stene columns is to increase the
cearing capacity of a rather large foundation soil. Gene-
rally the density of the columns is relatively high and as
piles they transfer the load to a firmer bearing layer.
However the behaviour of the colum is different from that
of a pile since the mechanism of irteraction is that of a
restrained expansion in the surrcunding soft soil as ex-
plained in 2.2.4.

Full scale experiments have shown that under the effect of
surface loading by embankment (Vautrain, 1977 ; Aboshi et
al, 1979} and rigid footing (Goughnour and Bayuk, 1979) the
vertical displacements of the ground surface are practical-
ly uniform. Consequently the distripution of the load is
characterized by a vertical stresses concentration on the
column. The stress concentration ratio n = Jg/0g (where

Jc and Og are the vertical stresses respectively in the
column and in the soft soil) is a fundamental parameter
which depends on several factors izcluding the replacement
factor a = A./A as defined in Fig. 25.

8oth laboratory studies (Aboshi et al, 1979) and full sca-
le experiments have shown that the value of n is generally
3 to 5 at the ground surface. However as shown by Vautrain
(1977) it can reach values as high as 50 in depth in the
case of a very soft layer.
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G - Loading pressure

Column

Soft soil

ﬂz—..A_F_
A

Fig:25-DESIGN PARAMETERS : STRESS CONCENTRATION
RATIO AND REPLACEMENT FACTOR.

“e soils are assumed elastic n is equal to the ratio
ne modulus of deformaticon of the column and the soil
{1 = Ec/Esg).

shnour and Bayuk. (1979) have shown that the shear stres-
ses jJenerated at the soil-column interface are rather small
and Jo not practically affect the state of stresses in the

se1l.

The installation of the stone column causes an initial com-
pression of the surrounding soft soil and thus increases
the value of Ky (Goughnour et al, 1979).

3.4.1.2 Mcdelling of the behaviour (bearing capacity)

Two types of models hive been developed. The first (Poteur,
1373 ; Hughes et al, 1975 ; Aboshi et al, 1979} did not
take into account the group effect and considered a single,
incompressible, rigid-plastic column in a semi-infinite
rigid-plastic soft soil. The available radial confining
pressure J,p can be determined from a triaxial compression
test (Or = 2 Cu + Jg) or from a pressuremeter test (Or=p1) .

The second type of models (Priebe, 1976 ; Goughnour and
Bayuk, 1979) consider the behaviour of a "unit cell"con-
taining a single column and its surrounding tributary soil.
It is assumed that this unit cell is confined by a rigid
frictionless wall and that the vertical strains at any ho-
rizontal level are uniform. These models are quite similar
to an oedcmeter with a central column and provide a more
rational basis for the design.

Priste assumed that the column is rigid-plastic and incom-
pressible whereas the soft soil in the unit cell is elas-
tic. He also assumed that the state of stresses in the soft
soil is isotropic ( K = 1 ) and therefore 0r = Jg. He
showed that under these conditions the stress concentration
ratio n = Jo/05 is a function of the Poisson's coefficient
V and of the replacement ratio a = Ac/A. As shown in Fig.26
n decreases with 1/a.

N o

F.E; BaladM, ===
j - \\P fiep Priebe(I976):Gh=Gy
. ~=¢ _lig7e)
Gou@'\ﬂwr
T -
r Goughnout
K =Ko
| Values of a in practice
o} 5 1/a=A/Ac

Effective stress
path in a unit cell
assumed by
Goughnour st al,I979.

Fig:26 - THE UNIT CELL CONCEPT - COMPARISION
BETWEEN DIFFERENT MODELS AND FINITE
ELEMENT ANALYSIS .

Gougrrcur et al (1373) assumed that the stone column 1s
linearily elastic, perfectly plastic at failure and rncom-
press:ble in the plastic state. The soil confined within
the unit cell is assumed to have a non linear elastic pe~-
havicur following an effsctive stress path which depends
on the vertical and the radial strains £y and £y and 2on
the problem geometry. When the replacement ratio a appro-
aches ! the ratio K of the radial to the vertical effecti-
ve stresses approaches ! “X,. During the leading the effec-
tive stress path is assumed to be bilinear as shown in
Fig. 26 and the K coefficient varies between Ko and 1l/Xg.

Depending on the state of deformation the column can te
either in an elastic state or in a state of a contrained
plastic equilibrium. In the latter case n is function of
the replacement factor a and of the assumed value of XK.
The theoretical variations of n with l/a for different
values of K=Ky ; 1 ; and 1/K, are shown in Fig. 26 as-
suming Ko = 0.6.

It is interesting to note that in the range of interest for
practical considerations 4 < 1/a < 9 the two models provide
similar results considering K = 1, which agree fairly well
with experimental observations (n = 3 to 5).

Balaam and Poulos (Helsirki Conference) have performed a
finite element analysis of the behaviour of stone columns.
They Lave considered that both the columns and the clay

are elastic, perfectly plastic materials obeying a Mohr
Coulomb's failure criterium and a law of plastic flow which
is characterized by a dilatancy angle. The soil-column in-
terface is simulated using contact elements which allow for
pure adhesion, pure friction and adhesion-friction taking
dilatancy into account. The "unit cell™ concept has been
considered for the investigation of the reinforced founda-
tion scil under both rigid and flexible foundation rafts
uniformly loaded. The authors have shown that for the ge=
cmetry of stone columns generally used the solutions for
uniformly loaded flexible foundations are nearly egual to
the analytical elastic solutions obtained by Balaam and
Booker (1981) for uniformly loaded rigid foundations.
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They have calculated the variation of the ratio 0g/0 with
the replacement factor a for different values of the ratio
of the elasticity modulus E./Eg. From these results the
value of n is approximately constant with 1/a and varies
from about 6 to 30 when the modular ratio E./Eg varies
from 10 to 40 (Fig. 26).

Wallays et al (Helsinki Conference) have considered the
"unit cell" concept and proposed the formulation of a

new model assuming that the seil and the column are both
linearly elastic and gerfectly plastic at failure and that
their compressibility at the plastic state can be adequa-
tely predicted from Vesic's solution. Both rigid and flexi-
ble foundation rafts have been discussed. Their approach
to estimate the settlements and the stresses in the co-
lumn and in the soft soil is similar to that conventially
adapted for elasto-plastic analyses. The column is assumed
to be in a contained state of plastic equilibrium when

the resulting vertical strain is larger than that calcu-
lated for the columa in an elastic state. No application
of this model is presented.

Although the first tvpe of models provide simple soluticns
and can be related o simple tests like the pressuremeter
test the assumption 2f a complete plastic:i:tv of the soft
soil between the ccl:mns does net correspond to the actual
state of the confined soft soil in the reinforced founda-
tion. Mcreover the predicted value of n under undrained
conditions depends an the level of locading. This theore-
tical results do nct agree with field and laboratory ob-
servations (Aboshi et al, 1979). Therefore to the general
reporter's opinicn Iurther development of models based on
the "unit cell" ccrcept as suggested by Wallays et al are
necessary in order o obtain more appropriate design me-
thods.

3.4.1.3 Design mechods
The behaviour of a large foundation soil reinforced by
stone columns invelvas essentially two aspects of design:

1% - in the central sart of the loaded surface the soil
displacement is essentially vertical and the design should
provide an estimat:on of the settlement reduction ratio

settlecent of reinforced foundat:ion soil
settlemenrt of untreated soil

2° - at the extremeties of the loaded surface the lateral
displacement can be as large as the vertical settlement
and the design shculd provide an estimation of the local
stability with respect to sliding.

Different design metheds have been proposed to estimate

B. Both empirical methods (Greenwood, 1970 ; Thorburn,
1975) analytical sclutions (Priebe, 1976 ; Aboshi et al,
1979 ; Goughnour and Bayuk, 1979) and finite element ana-
lyses (Balaam et al, 1977 ; Morgenthaler et al, 1978) have
been developed.

The main design parameters are the stress concentration
ratio n and the replacement factor a.

A simple solution based on the assumption of a uniform
settlement has been used by Aboshi et al according to

which
1

B = P RTTE
More sophisticated =zethods are based on the "unit cell”
concept.

Priebe (1376) considered an incompressible column and an
cedometric settlement in the elastic soil contained in
the unit cell, consequently his sclution provides the
same value for B.
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Goughnour (Helsinki Conference) develop a theory based

on the "unit cell™ model (Goughnour et al, 1979) discus-
sed above. The incremental analysis follows two steps
first, the column is considered to be in a contained plas-
tic state of equilibrium and all the volume change is ac-
commodated by the soft compressible scoil. Then, the co-
lumn is assumed to be linearly elastic and its vertical
strain is calculated. The actual vertical strain at any
level is the larger of those calculated for the two sta-
ges. Goughnour provides useful curves for predicting B .

Van Impe and De Beer (Helsinki Conference) propose a sim-
ple design method for the estimation of the settlement
reduction ratic B based on a similar "unit cell" concept
and considering respectively the two cases of (1) rigid-
plastic incompressible columns which, for the sake of
simplification, are replaced by stone walls with equiva-
lent area, and (2) linearly elastic column. In the two
cases the soft soil is assumed to be elastic. However

the authors note that the second case does not generally
correspond te stoae column practice. Their sclution for
the first case predicts stress concentration ratios which
are significantly inferior and settlement reduction ratios
which are significantly superior to those predicted by
Priebe's solution (fig. 27 and 28).

op
n:-—-c- A = T

G;

8 r 4
L galoem , (1983) Ec/Eg=10

.‘r_d_—‘—*——jr'—‘t————‘

6 P

4 }

2 f $=35" |

1/a= A/Ae
0 6 8 0

Flg. 27 PREDICTED EFFECTS OF @ ON n

A finite element analysis has been carried out by Balaam
et al (1983). The authors indicate the finite element so-
lution agree fairly well with elastic solutions obtained
by Balaam and Bocker (1581) uniformly lcaded rigid foun-
dation. As shown in Fig. 28 the settlement reduction
ratios B obtained for a range of the meodular ratio E (co-
lumn}/E(soil) = 10 to 40 agree reascnably well with
Priebe's solution and the predicted values of B are quite
smaller than those predicted from Greenwood's empirical
curves. The author also shows that these finite element
solutions are generally in a good agreement with observa-
tions on actual sites and they can therefore provide a
rational basis for design purposes.

Slip circle analysis of local stability of foundation seil
reinforced by stone column under embankments are generally
dene according to two approaches. The first method (Aboshi
et al, 1979) considers the shear stresses mobilized in the
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Fig. 28 PREDICTED EFFECTS OF a ON B

sclumns along the failure surface taking -ntd account the
stress concentration ratio n. The seccnd nethod (Priebe,
1576) zconsiders equivalent shear strength characteristics
(2% ard C* of the composite reinforced scil. No paper

g with this aspect of design have teen submitted to
the cgnizsrance.

3.4.1 Micro-piles

Micro-piles have teen extensivelv used Juring the last
twenty vears for underpinning and reinisrIzment of founda-
tion scil. A remarkable description of tne different appli-
cations have been recently sdited by Lizzi (1382). The be-
haviour of foundation soil reinforced by 2uicro-piles has
teen analyvzed by Lizzi and Carnavale (1373) and Schlosser
and Juran (1979). As no papers dealing w the behaviour
and design has been submitted to this ¢ rence these as-
pects will not be developed in this report.

4 - CASE HISTORIES AND CONTRCL

4.1 Case histories

In the field of soil reinforcement practical experience
has almost always preceeded and initiated developments of
appropriate design and analysis methods.

Furthermore, although during the last decades both labora-

tory studies and finite element analyses have been carried

out, the difficulties involved in modelling reinforced soil
systems have clearly showed that full scale experiments are
required in order to properly analyse the tehaviocur of the

structure. Consequently most of the presently available de-
sign methods tend to integrate empirical considerations de-
rived from both full scale experiments and observations on

actual structures.

Amcng the different techniques discussed 1n this report
Reinferced Earth has made the object of an extensive re-

search on both laboratory models and full scale experiments.

Full scale experiments on ground reinforcement techniques:
soil nailing, micro-piles, stone columns, etc,... are much
more iimited and their interpretation is generally rather
difficult because of local heterogensgities of the in-situ

soil. Zonsequently accumulzted past experience based on
detailed case histories on structure monitored te control
their performance is c¢f a particular interest.

Severzl papers submitted zo this conference describe full
scale =xperiments and case histories related to the diffe-
rent zpplications of reinforced soil systems Reinforced
Zarth and nailed soil retaining walls with instrumented
reinfcorcements, slope stabilization by soil nailing where
inometers were used ts control the decrease of the
rate, shallow fourdations with instrumented rein-
forcements and membranes and foundation soil under tanks.,
silos and rafts where lcading tests sn isolated columns
and cc groups of columns were carried out to control the
1sad-settlement behaviour 2f the reinforced foundatien

it is .nteresting to ncte that the piication of soil-
cement svstems as »forced Tarth and scil nailing
ning structures 223 slope stabilization generally
involvaes rational analvtical or semi-empirical design me-
~hods 3nd a significant attempt has zeen Jone to compare
the ctcsarvations on full scale structures with theoretical
predictions. The main 215 have teen summarized above.

zontrary, the use 2f stone cZolumns oresents signl-—
croblems for th stag recause >f che dif-
(o &s involved in the 2ffect of the stone
slumrs installations c=n the surrounding soil and the be-
~avic o of the stone coluzn itself. Conseguently current

e -s mainly based on 2mpirical zonsiderations and it
ily recommended to carry out ilcading tests on sin-
amns and on a group of columns pefore the final
Thus, although si:x papers <¢c this conference re-
railed case histories on application of stone co-
lumns :nder tanks, 5il2s and foundaticn rafts {Colleselll
et al, Green et al, Ma>crana =t a, Zomana, Bhandaril as
ander embankment ‘Sceiro 2t il) no attempt nas

1ly been dene to Tap ite observaticns and ra-
Q loading tests with th al predictions based
on the available analvt:ical models Ziscussed above.

A parzicular application sf hammer compacted granular piles
orcing locse cchesionless deposit in India is des-
n the paper of Fac. A relatively econo-
mical lscal technigue - ioped to install and
compaczt the sand/stone s with manual labour. 3Both 1so-
lated znd in group pilzs, olain ané skirted, has been lo-
ded. The authors have shcwn that ngle piles and groups

f 2 znd 3 piles increass significantly (from 164 % up to
127 %: the ultimate bear:ng capacity of the untreated sub-
s0il. A further increase {390 % up to 3€6 %) is obtained
when =ne piles are skirtad. The rsduction in settlement is
found to be 76 % for a group of 3 or 4 piles and its 1ncre-
ases =o 86 % when the piles are skirted. This improvement
is atrributed partially to the confinement provided by the
rigid skirt to the granular piles which results in a signi-
ficant resistance against the bulging of the group of gra-
nular ciles (Fig. 29).

O

Two papers presented to this confersnce describe particular
applizations of soil-reinforcement :n off-shore and coastal
strucTures.

Jewel> and Wishart (1983} describe the use of cellular mat-
tresses of reinforcement jrids with a sand-tight geotexti-
le facing in containing and reinforcing off-shore hydraulic
fills. Mattresses may e placed and filled underwater from
a barze reducing the slcpes of the fill to about 1:3. Ver-
tical reinforcement pelymer grids and a containement facing
made =f polymer grids cn both sides of a geotextile filter
membra-es were used in a small field scale construction.
This =rial has shown that the outward face deflections of
the 3 m high mattress were about 15 to 18 cm and that the
sand was rapidly filled (a rate of about 0.10 m3/s) and
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Fig: 29 - STRESS-DEFORMATION BEHAVIOUR OF SKIRTED
GRANULAR PILE GROUP AND PLAIN FOOTING
AT SITE-I (Ranjan and Rao ,1983)

.d successfully contained at the mattress face. After the
acing of the mattresses by layers the placing of the
1dfill in the core of the island could be carried out
LClnecusliy.

Perfetti (1383) describe the underwatzr use of a
jeotextile as a reinforcing separatcr membrare
compressible clayey mud laver, 5.5 m thick, and
cackfill material which supports the 30C m lzng X 35C @
w.3e runway of the Marseille Internaticnal Airport.

The geotextile fabric was placed in the critical zones at
nud-embankment interface. It played essentially rein-
rcing and separating roles but had practically no effect
the amplitude nor on the time of the embanxment settle-
=en It protected against contaminaticn of the selected

=

iC.
:11 material, prevented the penetraticn of the soft soil
related localized penetration failures and thus redu-
-=d differential settlements, provided a more unifcrm dis-
-—ribution of stresses at the mud surface and enabled an
icient control of the consumption of the fill material.

4.2 Control

“sntrel in soil reinforcement concerns generally different
2spects.

:? - control of the scil when it is a backfill material
this is specially the case of reinforced earth.

I? - control of the inclusion when it is realized in-situ
that is specially the case of stone columns.

:? - control of the durability of the inclusions conside-
r:ng permanent structures corrosion of steel and degra-
cility of plastics and fabric materials.

4° - control of the available limit stress of soil-inclu-
sion interaction : pull-out tests in reinforced earth and
carticularly soil nailing retaining walls, compression
_zading tests in stone columns.

27 - control of the improvement : measurements of the set-
lsments in reinforced soil foundations ; measurements of
the displacements in slope stabilization ; in-situ measu-
r2ments of the improvement of the mechanical properties
cf the soft soil around columns.
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Some papers presented to this conference deal with these
different aspects.

3atelino et al (1983) reported results ci an interesting
experiment of a Reinfcrsed Earth wall 3,35 m high built
with a clayey silt backfill.This material centains 30 %
finer than 80 u and 40 % finer than 15 4. This is mnuch
a larger portion of fines than that admitted in the spe-
cification for Reinforced Earth structures.

3

As shown in Fig. 30 there has been a lateral displacement
of +he facing during and after the construction due to
the creep of the soil. These displacements which have
been restrained at the tase and the top o>f the wall by
the structure attained 3,5 cm in the middle. In the abs-
cence of restraining effasct at the top of the wall this
displacement could have been much larger and special pre-
caution weculd have been reguired.

Concrete
platesy

—

350m

Fig:30- LATERAL DISPLACEMENT OF THE FACING
PANEL AT DIFFERENT TIMES AFTER THE
END OF CONSTRUCTION .REINFORCED EARTH
WALL WITH A SILTY BACKFILL.
(Battelino,1983)

Carz.2r and Gigan (1983, have reported pull-out tests of
tubes used to determine the soil-reinforcement friction
value in a nailed soil retaining wall (Fig. 3a). The pro-
cedure of these pull-out tests has been similar teo that

of pile loading test as suggested by Bustamante (1977) for
prestressed ground anchors. In this test the load is con-
trolled and applied incrementally by steps of 4 or 8§ mm.
This test enables the determination of a creep load and

an ultimate load. This procedure is quite different from
that generally used in reinforced earth and soil nailing
where the pull-out test is a displacement controlled test
which is realized at a constant displacement rate of few
millimeters per minute. The displacement controlled pull-
out test enables the determination of the peak value of
the residual value and of the strain softening effect
which is of a particular interest for design specification.

Several papers submitted to this conference (Colleselli

et al, Ranjan and Rao, Bhandari) describe lcading tests
carried out on both isolated stone columns and groups of
stone columns to control the load-settlement behaviour and
the ultimate bearing capacity of the reinforced foundation
soil. These loading tests generally show that the beha-
vicur {equivalent modulus of deformation and ultimate
bearing capacity) of a single pile is similar to that of

a group of 3 or 4 piles loaded under the same surface area
with the piles being located at the extremities of the
loaded surface. When the stone column is realized with a
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